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RESUMO  
As fibrilas consistem em um ingrediente com significativo potencial para aplicações na 
indústria de alimentos por promover o aumento da viscosidade além de apresentar 
propriedades gelificantes e estabilizantes de espumas, emulsões e cápsulas, sendo estas 
dependentes das dimensões características das fibrilas. Neste contexto, o objetivo geral deste 
trabalho foi promover a modificação de fibrilas de proteínas do soro por diferentes estratégias 
visando sua aplicação na estabilização de emulsões alimentícias óleo-água (O/A). Na primeira 
parte deste estudo, fibrilas de proteínas de soro foram produzidas na presença de lecitina com 
o intuito de aumentar a taxa de formação e melhorar a estabilidade das mesmas frente a 
alterações de pH. Os resultados mostraram que a taxa de formação das fibrilas e a 
conformação da estrutura secundária da proteína ao longo do tratamento térmico não foram 
afetadas pela presença de lecitina de soja mas um efeito inibitório foi observado na presença 
do surfactante. Além disso, a presença do surfactante levou à maior estabilidade das fibrilas 
frente a alterações do pH. Alterações de variáveis do processo tais como aumento do pH, 
redução da razão proteína-lecitina e modificação da composição de fosfolipídeos favoreceram 
a formação das fibrilas. Na segunda etapa do trabalho, as fibrilas foram submetidas a 
processos mecânicos com diferentes valores de densidade energética e pH a fim de modificar 
suas dimensões e, consequentemente, suas propriedades tecnológicas. Emulsões O/A 
estabilizadas por fibrilas foram produzidas por homogeneização em rotor-estator. Emulsões 
estabilizadas por fibrilas em pH 2 separaram fases rapidamente apesar dos maiores valores de 
potencial zeta e hidrofobicidade superficial, sugerindo processo de desestabilização devido à 
floculação. Emulsões estabilizadas por fibrilas em pH 7 apresentaram maior estabilidade 
cinética devido ao comportamento tixotrópico e aos menores valores de tensão interfacial. 
Maior densidade energética reduziu a estabilidade da emulsão contendo fibrilas em pH 7 e 
não afetou a estabilidade de emulsões em pH 2. Assim, embora o pH ácido tenha resultado em 
fibrilas com maior hidrofobicidade superficial, a melhoria da estabilidade da emulsão 
  
utilizando um processo de emulsificação moderado foi alcançada apenas em pH neutro, 
condição que favoreceu a agregação das fibrilas. Na última etapa do trabalho, emulsões O/A 
estabilizadas por fibrilas de proteínas do soro foram produzidas através de homogeneização a 
alta pressão. A influência do pH e da densidade energética do processo de homogeneização na 
estabilidade da emulsão foi avaliada, assim como o comportamento da emulsão sob condições 
do trato gastrointestinal através de simulação in vitro em modelo de digestão dinâmico. Os 
resultados mostraram que menores tamanhos de gota foram obtidos em pH ácido, 
independente da densidade energética aplicada. A emulsão foi estável nas condições do 
estômago mas desestabilizou nas condições do intestino delgado, comportamento semelhante 
ao sistema controle composto pela dispersão de fibrilas, confirmando a importância das 
características da interface na digestão da emulsão. Além disso, a emulsão estabilizada por 
fibrilas apresentou absorção reduzida de calorias no intestino delgado, mostrando um grande 
potencial de aplicação com o objetivo de reduzir a absorção de calorias no trato 
gastrointestinal apesar da elevada concentração de óleo em sua composição. 
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ABSTRACT  
The fibrils consist of an ingredient with significant potential for applications in food industry 
due to their functionality which includes increasing viscosity and acting as gelling agent 
besides stabilizing foams, emulsions, and capsules. However, these properties are dependent 
on the dimensional characteristics of the fibrils. In this context, the general purpose of this 
work was to promote the whey protein fibril modification using different strategies, aiming 
their application in stabilizing food oil-in-water emulsions (O/W). In the first part of this 
study, whey proteins fibrils were produced in the presence of lecithin in order to increase the 
rate of fibril formation and to improve the pH-stability of these nanostructures. The results 
showed that the rate of fibril formation and the conformation of protein secondary structure 
during heat treatment were not affected by the presence of soybean lecithin but an inhibitory 
effect was observed in the presence of this surfactant. Moreover, the surfactant presence led to 
improved stability of fibrils against pH changes. Process variable changes such as increasing 
pH, reducing protein-lecithin ratio and modifying phospholipid composition favored the fibril 
formation. In the second part of this work, the fibrils were subjected to mechanical processes 
with different values of energy density and pH in order to change their dimensions and, 
consequently, their technological properties. O/W emulsions stabilized by fibrils were 
produced by homogenization in a rotor-stator device. Emulsions stabilized by fibrils at pH 2 
separated phases rapidly despite higher zeta potential values and surface hydrophobicity, 
suggesting a destabilization process due to bridging flocculation. Emulsions stabilized by 
fibrils at pH 7 showed improved kinetic stability, which was attributed to the thixotropic 
behavior and lower interfacial tension values. Increased energy density reduced the stability 
of the emulsion containing fibrils at pH 7 whilst it did not affect the stability of emulsions at 
pH 2. Thus, although low pH contributes to the increase of surface hydrophobicity, improved 
emulsion stability using a moderate emulsification mechanical process was reached only after 
fibril aggregation at neutral pH. In the third part of this work, O/W emulsions stabilized by 
whey protein fibrils were produced by high-pressure homogenization. The influence of pH 
  
and energy density of the homogenization process in emulsion stability was evaluated. 
Furthermore, the behavior of the emulsion under conditions of simulated in vitro digestion 
using a dynamic digestion model was assessed. The results showed that smaller droplet sizes 
were obtained at acidic pH, independent of the energy density applied. The emulsion was 
stable in the stomach but destabilized in the small intestine. A similar behavior was observed 
for the control system consisted of fibril dispersion, confirming the impact of the interface 
characteristics on emulsion digestion. Moreover, fibril-stabilized emulsion presented reduced 
calorie absorption in the small intestine, showing great potential for applications aiming to 
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1 INTRODUÇÃO GERAL 
Fibrilas amilóides são estruturas protéicas e filamentosas ricas em folhas-ȕ com 
elevada razão de comprimento/diâmetro (Shammas et al., 2011). O grande interesse em 
proteínas do soro do leite para a formação de fibrilas deve-se principalmente ao seu baixo 
custo e grande disponibilidade, já que trata-se de um bioproduto da indústria do leite na forma 
isolada (Sasso et al., 2014). Além disso, a formação de fibrilas a partir de proteínas do soro é 
considerada um processo simples uma vez que baseia-se somente no tratamento térmico das 
mesmas em condições drásticas de pH e aquecimento. Estudos mostram que a substituição da 
proteína nativa por sua forma fibrilar em produtos alimentícios seria uma alternativa de 
diminuir a alergenicidade que é causada durante sua digestão no sistema gastrointestinal, 
fornecendo similar valor nutricional (Bateman et al., 2011). As propriedades funcionais das 
fibrilas consistem em promover o aumento da viscosidade e gelificação, além de propriedades 
estabilizantes de espumas, emulsões e cápsulas, e tais propriedades são fortemente 
dependentes das dimensões características das fibrilas (Kroes-Nijboer et al., 2012). Isto faz 
das estruturas fibrilares um potencial ingrediente versátil com significativo potencial para 
aplicações na indústria de alimentos. 
A elevada razão entre comprimento e diâmetro das estruturas fibrilares as tornam 
agentes estruturantes eficientes uma vez que, mesmo que em baixa fração volumétrica, as 
fibrilas são capazes de promover um grande aumento de viscosidade. Por outro lado, o 
encurtamento das fibrilas pode ser vantajoso, resultando na melhoria de suas propriedades 
emulsificantes (Serfert et al., 2014). Além disso, em alguns trabalhos verificou-se que a 
modificação das fibrilas através de ligações com compostos como a lactose (Liu e Zhong, 
2013) ou dodecil sulfato de sódio (SDS) (Jung et al., 2008) promoveram o aumento da 
estabilidade destas nanoestruturas frente a variações de pH. Portanto, o estudo de diferentes 
métodos de modificação das fibrilas de proteínas do soro seria uma alternativa para ampliar as 
possibilidades de aplicação deste ingrediente em produtos alimentícios.  
Emulsões óleo em água (O/A) apresentam elevado potencial para a encapsulação 
de compostos bioativos por apresentarem regiões polares e apolares em sua composição, 
baixo custo de produção e relativa facilidade de produção, porém tratam-se de sistemas 
termodinamicamente instáveis, que podem apresentar separação de fases distintas. O emprego 
de processos de emulsificação de alta energia possibilita a formação de emulsões com 
reduzido tamanho de gota e é capaz de promover uma maior distribuição dos componentes 
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emulsificantes sobre a interface das gotas formadas melhorando a sua estabilidade cinética 
(McClements, 2005). 
Proteínas do soro do leite são consideradas emulsificantes naturais (Kiokias et al., 
2007) devido à sua capacidade de alterar as propriedades da interface das gotas de óleo 
dispersas, aumentando sua estabilidade frente aos processos de cremeação (Hu et al., 2003). 
Um benefício potencial de sistemas de encapsulação deste tipo é que estes podem ser 
fabricados inteiramente a partir de ingredientes naturais considerados seguros (generally 
recognized as safe - GRAS) e a partir de operações de processo relativamente simples 
(processos de homogeneização ou simples agitação). A biodisponibilidade de compostos 
encapsulados está diretamente associada às suas características (por exemplo, composição, 
solubilidade), à natureza do sistema de entrega (composição, dimensão das partículas, a 
permeabilidade e à integridade física) e à natureza da matriz alimentar que os cerca (Pafumi et 
al., 2002). Neste caso, através da modificação do tamanho e da composição das partículas/ 
gotas, bem como da sua estrutura e propriedades físico-químicas da camada interfacial, seria 
possível produzir sistemas com propriedades diferenciadas além de controlar as condições de 
liberação de bioativos incorporados (Kelley e McClements, 2003). Assim, a compreensão da 
resposta dos sistemas de entrega às condições do trato gastrointestinal é importante para 
definir a aplicação final do sistema de encapsulação. 
1.1 Objetivos 
O objetivo geral desta tese foi estudar a modificação de nanofibrilas de proteínas 
do soro por diferentes métodos - interação com surfactante ou tratamento mecânico - para 
posterior utilização na estabilização de emulsões alimentícias.  
Os objetivos específicos deste trabalho foram: 
(A) Estudar o efeito da adição de lecitina na cinética de formação das nanofibrilas 
de proteínas do soro e na estabilidade das mesmas frente às alterações de pH (pH 3-7) e 
avaliar o efeito da modificação de variáveis de processo (pH, concentração de proteína e 
composição da lecitina) no processo de formação de fibrilas. 
(B) Avaliar o efeito da exposição de fibrilas de proteínas de soro em pH 2 e 7 a 
processos mecânicos com diferentes valores de densidade energética nas propriedades 
estruturais, físicas e emulsificantes de material contendo estas nanoestruturas.  
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(C) Estudar a influência do pH e da densidade energética do processo de 
homogeneização a alta pressão na estabilidade de emulsões O/A estabilizadas por dispersões 
contendo fibrilas de proteínas do soro em pH 3 e 7.  
(D) Um modelo de digestão dinâmico composto por estômago, duodeno, jejuno e 
íleo foi utilizado para avaliar o comportamento da emulsão estabilizada por fibrilas sob 
condições do trato gastrointestinal. 
1.2 Descrição dos capítulos 
A apresentação deste trabalho foi organizada em seis capítulos como descrito a 
seguir: 
 
Capítulo 1: Introdução geral 
 
Capítulo 2: Revisão bibliográfica 
Neste capítulo são abordados aspectos teóricos dos sistemas estudados, bem como 
uma revisão bibliográfica relatando a literatura recente e mais relevante sobre o tema deste 
trabalho. 
 
Capítulo 3: Formação e estabilidade ao pH de fibrilas de proteínas do soro na presença 
de lecitina 
Neste capítulo foi avaliado o efeito da adição de lecitina na cinética de formação 
das nanofibrilas de proteínas do soro e na estabilidade das mesmas frente às alterações de pH. 
Foram utilizadas técnicas de microscopia, potencial zeta, espectroscopia, eletroforese e 
espalhamento de raios-X para a caracterização das nanoestruturas formadas. O efeito da 
modificação de variáveis de processo como pH, concentração de proteína e composição da 
lecitina no processo de formação de fibrilas também foi avaliado. 
 
Capítulo 4: Modificação de nanofibrilas de proteínas do soro por mudanças no pH e 
processos mecânicos  
Neste capítulo, as fibrilas de proteínas de soro foram submetidas a diferentes 
processos mecânicos antes de serem utilizadas na produção de emulsões O/A. A partir deste 
trabalho foi possível avaliar o efeito da conformação da proteína, do pH e da densidade 
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energética do processo mecânico ao qual as fibrilas foram submetidas  nas propriedades 
estruturais, físicas e emulsificantes destas nanoestruturas.  
 
Capítulo 5: Digestão in vitro de emulsão estabilizada por nanofibrilas de proteínas do 
soro 
Neste capítulo foi realizado um estudo da influência do pH e da densidade 
energética do processo de emulsificação na estabilidade de emulsões O/A estabilizadas por 
fibrilas de proteínas do soro em diferentes pHs. Um modelo de digestão dinâmico foi 
utilizado para avaliar o comportamento da emulsão estabilizada por fibrilas sob condições do 
trato gastrointestinal, avaliando o impacto das características da interface na digestão da 
emulsão. 
 
Capítulo 6: Conclusões gerais 
Neste capítulo são relatadas as principais conclusões sobre os resultados obtidos. 
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2 REVISÃO BIBLIOGRÁFICA 
2.1 Proteínas: estrutura e propriedades funcionais 
Em teoria, uma proteína ou polipeptídio pode apresentar os seguintes graus de 
estruturação: estrutura primária, secundária, terciária e quaternária. A base da estrutura 
proteica consiste na formação de ligações peptídicas entre os grupos amino de um aminoácido 
e carbonila de outro, ambos ligados ao carbono Į de cada um dos aminoácidos. A estrutura 
primária se caracteriza por apresentar apenas ligações peptídicas entre os aminoácidos 
(Sgarbieri, 1996). A organização interna da proteína é determinada pela combinação de 
estruturas secundárias (Zhai et al., 2013). A estrutura secundária é mantida por ligações de 
hidrogênio que podem ser intramolecular (estrutura helicoidal) ou intermolecular (estrutura 
foliar) (Sgarbieri, 1996).  
A Į-hélice é caracterizada por uma translação ao redor de um eixo central paralelo 
às ligações de hidrogênio. As cadeias laterais dos diferentes resíduos de aminoácidos 
projetam-se para fora e perpendicularmente ao eixo principal. O oxigênio do grupo carbonila 
da cadeia principal forma ligação de hidrogênio com o hidrogênio do grupo amino da cadeia 
principal quatro resíduos adiante na cadeia. As estruturas foliares resultam de ligações de 
hidrogênio intermoleculares e podem ser de dois tipos: folhas pregueadas paralelas ou 
antiparalelas. As folhas paralelas apresentam todos os terminais amino das cadeias na mesma 
extremidade da folha, enquanto que nas antiparalelas os terminais amino e carbonila das 
cadeias são alternados. Neste tipo de estrutura, todos os radicais R se projetam para baixo ou 
para cima do plano da estrutura da folha. Ao contrário do que se observa na Į-hélice, na folha 
pregueada as ligações de hidrogênio são orientadas quase que perpendicularmente ao eixo 
principal da cadeia polipeptídica (Sgarbieri, 1996).  
Proteínas no seu estado nativo se dobram em torno de sua própria estrutura a 
partir de uma cadeia de aminoácidos inicialmente desdobrada (estrutura primária), tornando-
se uma estrutura tridimensional (3D) bem definida (estrutura terciária). Tal dobramento 
consiste na tendência de regiões não-polares de uma proteína permanecerem próximas de 
modo que o contato termodinamicamente desfavorável com a água seja reduzido (Zhai et al., 
2013). As estruturas terciária e quaternária se referem ao arranjo espacial da cadeia 
polipeptídica (dobramento ou formação de laços), já dotada ou não de estrutura secundária. 
Na estabilização destas estruturas e na determinação da conformação de uma proteína entram 
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forças de natureza diversas, tais como: ligações dissulfeto, ligações salinas ou interações 
eletrostáticas, ligações de hidrogênio, interações dipolares e interações hidrofóbicas (ou de 
Van der Waals) (Sgarbieri, 1996). Em contraste, proteínas do tipo random-coil existem em 
um estado desdobrado e de completa desordem estrutural (Sgarbieri, 1996) e se assemelham 
muito a um polímero carregado em água (Mezzenga e Fischer, 2013). Este estado caracteriza-
se pelo rompimento de todas as interações internas não covalentes, fazendo com que todas as 
partes da molécula da proteína estejam em contato com o solvente (Sgarbieri, 1996).  
As proteínas apresentam grande aplicação na formulação de produtos alimentícios 
principalmente por se tratarem de ingredientes naturais e devido a algumas propriedades 
funcionais importantes tais como capacidade espumante, emulsificante e gelificante 
(Sgarbieri, 1996). Em especial, as propriedades emulsificantes das proteínas são resultado da 
redução da tensão interfacial através da sua adsorção na interface óleo-água devido a sua 
natureza anfifílica e da habilidade de formação de filmes através de uma combinação de 
interações eletrostáticas e estéricas (McClements, 2005). A eficiência de emulsificantes 
proteicos depende fortemente da densidade e estrutura das camadas de adsorção da proteína 
na superfície das gotas. Em geral, o processo de adsorção das cadeias de proteína consiste em 
pelo menos dois estágios: (1) colocação das moléculas na interface; (2) rearranjo estrutural 
das moléculas adsorvidas com possível desdobramento parcial e formação de ligações 
intermoleculares (Tcholakova et al., 2006).  
As propriedades funcionais das proteínas são determinadas pelas suas 
características moleculares como massa molecular, conformação, flexibilidade, polaridade e 
hidrofobicidade (McClements et al., 2009). Assim, a funcionalidade da proteína é 
frequentemente associada ao seu desdobramento (Foegeding e Davis, 2011). O 
desdobramento e desnaturação de proteínas podem ser definidos como a mudança na 
conformação nativa sem modificação da estrutura primária, ou seja, mantendo a sequência de 
aminoácidos intacta mas modificando as estruturas secundária e terciária. Sob condições 
desnaturantes, proteínas desdobram e expõem seus resíduos hidrofóbicos tendendo a agregar 
para minimizar contatos dos resíduos hidrofóbicos com a água. Proteínas podem perder sua 
estrutura nativa pela presença de agentes desnaturantes, por tratamentos térmicos, elevadas 
pressões ou sob adsorção em superfícies e interfaces (Mezzenga e Fischer, 2013). A estrutura 
primária das proteínas mantém-se intacta durante a homogeneização uma vez que as ligações 
covalentes praticamente não são afetadas por alta pressão (Mozhaev et al., 1996). No entanto, 
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mudanças na estrutura secundária podem ocorrer em altas pressões, levando à desnaturação 
irreversível, já que as ligações de hidrogênio que a estabilizam são reforçadas em baixas 
pressões e rompidas em níveis muito altos de pressão (Huppertz et al., 2004).  
A reação de Maillard é uma técnica que permite  modificar a carga da proteína 
através da formação de uma molécula conjugada proteína/açúcar ou oligossacarídeo e que por 
sua vez afeta a funcionalidade proteica. A formação de ligações covalentes através de reação 
enzimática ou química a fim de produzir polímeros individuais ou uma mistura de proteínas 
ou ainda a hidrólise enzimática da proteína também surgem como alternativas para modificar 
suas propriedades funcionais. A complexação de proteínas com polissacarídeos pode ser 
associada com o aumento ou a diminuição da estabilidade de emulsões ou espumas. Isto 
porque a estabilidade destes sistemas está diretamente relacionada às propriedades da camada 
interfacial, sendo assim a adição de ingredientes que alterem a composição e características da 
interface afetarão o resultado funcional global (Foegeding e Davis, 2011). Neste caso, as 
condições de pH e força iônica, além da interação desses biopolímeros com outros 
componentes presentes nos alimentos também afetam a sua funcionalidade (Dickinson, 2003). 
Em relação à propriedade gelificante da proteína, a promoção de interações com polímeros 
permite modificar as propriedades de textura e retenção de água do gel (Foegeding e Davis, 
2011). Outro tipo de mecanismo que leva à agregação proteica altamente específico é aquele 
responsável pela formação de nanoestruturas fibrilares. Um mecanismo comum entre 
proteínas alimentícias globulares como proteínas do soro do leite (Loveday et al., 2011, 
Loveday et al., 2012a), proteínas de soja (Akkermans et al., 2007, Tang e Wang, 2010), 
lisozima (Mishra et al., 2007) e proteína de ervilha (Munialo et al., 2014) consiste na hidrólise 
da proteína em peptídeos que podem se organizar em fibrilas em condições de aquecimento 
prolongado (temperatura maior que a temperatura de desnaturação), pH longe do ponto 
isoelétrico da proteína e baixa força iônica. Os peptídeos sofrem polimerização altamente 
anisotrópica, movida essencialmente por folhas-ȕ, resultando na formação de fibrilas 
(Mezzenga e Fischer, 2013).  
2.1.1 Proteínas do soro do leite 
As proteínas do soro de leite são muito utilizadas como 
emulsificantes/estabilizantes (Guzey e McClements, 2006, Walstra, 2003), além de possuir 
alto valor nutricional e serem consideradas de grau alimentício (GRAS) (Chen et al., 2006). 
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Proteínas do soro de leite bovino são uma mistura formada predominantemente por E-
lactoglobulina (E-lg), D-lactalbumina (D-la) e albumina bovina sérica (BSA), cujos valores de 
ponto isoelétrico correspondem a 5,2, 4,3 e 4,8, respectivamente (Sgarbieri, 1996, Walstra et 
al., 2006). O ponto isoelétrico das proteínas do soro está em torno de 5 que é próximo ao 
ponto isoelétrico da ȕ-lg, cuja quantidade é maior frente às demais frações protéicas (Walstra, 
2003).  
A ȕ-lg, proteína mais abundante do soro de leite, corresponde a mais de 50% do 
seu teor protéico total. Trata-se de uma proteína globular que possui em sua estrutura duas 
pontes dissulfídicas e um grupo tiol livre (Sawyer et al., 2002). Além disso, sua estrutura 
secundária é rica em folhas-ȕ (Mercadé-Prieto et al., 2007). A ȕ-lg  encontra-se na forma 
monomérica em pH abaixo ou próximo a 3 (§18 kDa) e na forma de dímero (§36 kDa) em 
valores de pH entre 3 e 7 (Chatterton et al., 2006). A Į-la é a segunda proteína mais 
abundante do soro, representando 20% do total. Trata-se de uma proteína globular cuja 
molécula apresenta a forma elipsóide com 4 ligações dissulfídicas, embora estas não sejam 
essenciais para manter sua estrutura (Sgarbieri, 2005) e, além disso, não possui grupos 
sulfidrila livres (Morr e Ha, 1993). A estrutura secundária da Į-la consiste principalmente de 
Į-hélices apesar de conter algumas folhas-ȕ (Chrysina et al., 2000). A BSA é uma proteína 
globular solúvel em água (Sgarbieri, 2005). Duas características estruturais importantes da 
BSA são a presença de grupo sulfidrila livre e a existência de 17 pontes dissulfeto (Morr e Ha, 
1993). O rompimento dessas ligações resulta em modificações de algumas de suas 
propriedades físicas e estruturais (Sgarbieri, 2005).  
Em sua forma nativa, as proteínas do soro têm uma estrutura compacta e rígida 
estabilizada por interações intramoleculares, como interações hidrofóbicas, eletrostáticas, 
pontes de hidrogênio e dissulfídicas (Kiokias et al., 2007). Porém, tratam-se de proteínas 
globulares que possuem habilidade de desnaturar, dissociar e agregar sob diferentes condições 
de pH, força iônica e temperatura, possibilitando a formação de partículas com diversas 
morfologias em uma ampla faixa de tamanhos (Chen et al., 2006). Tal capacidade de 
modificação da proteína frente a diferentes condições de tratamento a torna um ingrediente 
versátil, com habilidade de formar compostos com diferentes conformações (microgéis, 
nanopartículas e fibrilas) e propriedades, ampliando sua aplicação nos mais diversos produtos 
alimentícios (Donato et al., 2009, Oboroceanu et al., 2010, Guelseren et al., 2012, Schmitt et 
al., 2011).  
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2.2 Fibrilas proteicas 
Fibrilas proteicas do tipo amilóide (Figura 2.1) são caracterizadas por possuírem 
uma estrutura rica em folhas-ȕ e alto aspect ratio (razão comprimento/diâmetro), devido aos 
diâmetros reduzidos, em torno de 10 nm, e comprimentos na ordem de mícrons (Chiti e 
Dobson, 2006). A auto-organização de proteínas ou peptídeos em fibrilas amilóides tem sido 
um importante tema de estudo em vários campos de pesquisa. Fibrilas amilóides passaram a 
ser estudadas intensivamente na área de ciências biomédicas por estarem associadas ao 
desenvolvimento de doenças neurodegenerativas (Kelly, 1998). A aplicação de tais 
nanoestruturas no campo de ciências dos materiais também tornou-se de grande interesse 
(Kroes-Nijboer et al., 2012b). Alguns exemplos de aplicação nessa área são a fabricação de 
nanofios metálicos, bionanotubos e veículos para bioativos. Proteínas provenientes de 
diversas fontes como o ovo (Lara et al., 2012, Pearce et al., 2007), a soja (Akkermans et al., 
2007, Tang e Wang, 2010) e o leite (Loveday et al., 2011, Loveday et al., 2012a) podem se 
organizar na forma de fibrilas. 
As fibrilas protéicas podem ser utilizadas como espessantes em produtos de baixo 
valor calórico, uma vez que a adição de pequenas quantidades de tais estruturas pode causar 
um aumento significativo de viscosidade e do comportamento pseudoplástico dos produtos 
alimentícios. Todas as frações das proteínas do soro podem formar agregados fibrilares sob 
condições específicas. Particularmente, a E-lg forma agregados fibrilares de 2-4 nm de 
espessura sob aquecimento prolongado, baixa força iônica e baixo pH. O mecanismo de 
formação das fibrilas consiste em duas etapas: (1) desnaturação, desdobramento parcial e 
aumento na quantidade de folhas-ȕ com hidrólise de monômeros seguida por (2) agregação 
Figura 2.1 Micrografias típicas de fibrilas proteicas 
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linear de fragmentos de polipeptídeos em fibrilas via interações não-covalentes, hidrólise 
contínua e redução do teor de folhas-ȕ e estrutura secundária global (Oboroceanu et al., 
2010). Estudos reportaram que as fibrilas de ȕ-lg são compostas por um determinado grupo de 
peptídeos resultantes da hidrólise ácida de ligações antes ou após resíduos de ácido aspártico 
(Akkermans et al., 2008).  
A modificação de condições de processo como temperatura (Loveday et al., 
2012b), pH (Serfert et al., 2014), concentração de proteína (Arnaudov et al., 2003) e força 
iônica (Loveday et al., 2011, Loveday et al., 2012a) podem afetar a cinética de formação, 
assim como a morfologia das fibrilas. As dimensões das fibrilas estão diretamente 
relacionadas às suas propriedades funcionais (Kroes-Nijboer et al., 2012a), sendo assim 
fundamentais para determinação da sua aplicação final. Independente da aplicação, é 
importante que as nanoestruturas não afetem de forma adversa as características do alimento 
no qual forem incorporadas. Nesse sentido, as características destas nanoestruturas 
(distribuição de tamanho, formato) são fatores muito importantes que irão influenciar as 
propriedades físico-químicas e sensoriais do alimento, como propriedades ópticas, reológicas 
e de estabilidade. A melhoria das propriedades emulsificantes de fibrilas de proteínas do soro 
foi observada após redução do seu comprimento utilizando homogeneizador de alta pressão 
(Serfert et al., 2014). Outro fator importante seria estabelecer a estabilidade das mesmas 
frente às diferentes condições ambientais. Este tipo de informação também é essencial para 
determinar a faixa de produtos comerciais onde estruturas como as fibrilas podem ser 
aplicadas, assim como o seu comportamento no trato gastrointestinal após a ingestão (Jones e 
McClements, 2011). A melhoria da estabilidade de fibrilas frente à agregação em condições 
de baixa repulsão eletrostática já foi obtida após glicação com lactose (Liu e Zhong, 2013) ou 
pela formação de complexos eletrostáticos com SDS, um surfactante carregado negativamente 
(Jung et al., 2008). 
SDS é um tensoativo amplamente utilizado em estudos biofísicos na tentativa de 
simular o ambiente de membrana celular para as proteínas, com o intuito de compreender os 
mecanismos de formação das fibrilas no organismo uma vez que o SDS possui algumas 
características similares à membrana lipídica. Autores verificaram que a presença de SDS é 
capaz de induzir o processo de fibrilação de diferentes proteínas (Giehm et al., 2010, Khan et 
al., 2014, Khan et al., 2012), principalmente em condições de pH abaixo do ponto isoelétrico 
da proteína.  
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A lecitina consiste em uma mistura rica em fosfolipídios e é amplamente utilizada 
devido às suas propriedades emulsificantes, uma vez que possui a capacidade de se adsorver 
rapidamente na superfície das gotas de óleo formadas durante processos de homogeneização 
convencionais, resultando assim em emulsões com gotas muito pequenas e protegendo-as 
contra a agregação durante o processamento, estocagem e utilização da emulsão (Ogawa et 
al., 2003).  A lecitina pode ser extraída de uma variedade de fontes tais como grãos de soja e 
gema de ovo, sendo assim considerada uma mistura de tensoativos de ocorrência natural 
(Surh et al., 2008). A lecitina de soja natural ou modificada tem sido incluída em diversos 
processos devido à sua versatilidade, podendo atuar como emulsificantes, reguladores de 
viscosidade e agentes dispersantes em alimentos como chocolate, produtos instantâneos (leite 
em pó), margarinas e maionese (McClements, 2005, Comas et al., 2006). Além disso, pode 
ser totalmente biodegradada e metabolizada, sendo assim não-tóxica (Surh et al., 2008). As 
fosfatidilcolinas são fosfolipídios zwiteriônicos muito comuns. A Figura 2.2 apresenta a 
estrutura do 1,2-dipalmitoil-sn-glicero-3-fosfatidilcolina (DPPC), um exemplo de 
fosfatidilcolina saturada em que a região polar é formada pelo grupo colina e a região apolar 
por duas cadeias de ácido palmítico (C16:0). Ela se caracteriza pela presença de duas 
moléculas de ácidos graxos esterificadas no primeiro e segundo grupo hidroxila do glicerol, 
enquanto um terceiro grupo hidroxila forma uma ligação éster com o ácido fosfórico. Além 
disso, um segundo álcool esterificado ao ácido fosfórico forma a cabeça polar da molécula. 
2.2.1 Métodos analíticos utilizados no estudo de fibrilas proteicas 
A caracterização dos agregados proteicos utilizando uma combinação de métodos 
de análise é essencial para a compreensão do mecanismo de agregação e, conquentemente, 
para o desenvolvimento de drogas potenciais para combater as doenças associadas a fibrilas 
do tipo amilóide (Chaturvedi et al., 2016) e para a definição da sua aplicação em produtos 
Figura 2.2 Estrutura molecular da fosfatidilcolina 1,2-dipalmitoil-sn-glicero-3-
fosfatidilcolina (DPPC) (Mertins, 2008) 
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alimentícios. Os métodos mais comumente utilizados para caracterizar fibrilas proteicas do 
tipo amilóide são apresentados a seguir. 
Ensaios de ligação proteína-corante: Vários ensaios espectrofotométricos 
envolvendo a ligação entre a proteína e corantes são realizados para caracterizar os agregados, 
sejam eles amorfos ou amilóides (Chaturvedi et al., 2016). A tioflavina T e o vermelho do 
Congo são corantes específicos que permitem detectar a presença de agregados fibrilares do 
tipo amilóide (Liu e Zhong, 2013, Serfert et al., 2014, Munialo et al., 2014). 
Espectroscopia de dicroísmo circular (CD): Espectros de CD na região do 
ultravioleta (UV) distante (190-250 nm) e na região do UV próximo (250-320 nm), são 
utilizados para a determinação da estrutura secundária e terciária de proteínas, 
respectivamente. A agregação de proteínas em fibrilas amilóides pode ser monitorada pela 
formação de folhas-ȕ, estrutura caracterizada pelo surgimento de mínimo em torno de 215-
218 nm na região do UV distante (Chaturvedi et al., 2016). Esta técnica fornece informações 
qualitativas sobre a organização das proteínas em fibrilas do tipo amilóide e a cinética da 
transição conformacional associada à agregação (Liu e Zhong, 2013, Munialo et al., 2014). 
Microscopia eletrônica de transmissão (TEM): A visualização direta de 
agregados proteicos como as fibrilas tem sido facilitada por técnicas microscópicas de alta 
resolução, como TEM. A técnica confirma a morfologia fibrilar de agregados de proteína, 
mas não confirma a presença de folhas-ȕ característica destas estruturas. Assim, técnicas 
auxiliares são necessárias para comprovar a morfologia fibrilar ou qualquer outra 
configuração de amilóide (Chaturvedi et al., 2016). Informações qualitativas e quantitativas a 
nível nanométrico incluindo o comprimento e largura podem ser obtidas através de TEM (Liu 
e Zhong, 2013, Loveday et al., 2011, Jung et al., 2008, Munialo et al., 2014). 
Microscopia de força atômica (AFM): A capacidade do AFM de fornecer detalhes 
estruturais a partir de imagens tridimensionais de diversas amostras à base de proteínas com 
resolução muito alta tem sido bastante explorada. A vantagem é que esta técnica não exige 
preparação especial da amostra, o que poderia danificá-la (Chaturvedi et al., 2016). 
Informações qualitativas e quantitativas a nível nanométrico incluindo o comprimento, 
largura e características de superfície dos agregados de proteína podem ser obtidas através de 
AFM (Oboroceanu et al., 2010, Liu e Zhong, 2013, Serfert et al., 2014). 
Outras técnicas utilizadas para analisar agregados proteicos em geral e determinar 
o tamanho, forma e estrutura atômica de amilóides incluem eletroforese em gel de 
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poliacrilamida (PAGE), cromatografia por exclusão de tamanho, espectroscopia de 
infravermelho (FTIR), ultracentrifugação analítica, espectroscopia de RMN, cristalografia de 
raios-X, ressonância de spin eletrônico e espectrometria de massa (Chaturvedi et al., 2016). A 
agregação proteica é caracterizada por um aumento na turbidez que pode ser determinada 
espectrofotometricamente. SDS é um agente desnaturante que pode dissolver agregados de 
proteína por meio da desestabilização interações hidrofóbicas. A modificação da turbidez de 
agregados proteicos após a adição de agentes desnaturantes como o SDS fornece informações 
qualitativas relativas ao papel das interações hidrofóbicas na estabilização dos agregados 
(Groleau et al., 2003). A hidrofobicidade superficial dos agregados pode ser obtida através de 
medidas de fluorescência na presença da sonda fluorescente anilino-8-naftaleno-sulfonato 
(ANS) (Stroylova et al., 2011, Liu e Zhong, 2013).  
2.3 Emulsões alimentícias 
Uma emulsão é composta por dois fluidos imiscíveis (usualmente óleo e água), 
com um deles disperso no outro na forma de pequenas gotas esféricas, na presença de um 
composto com atividade superficial. Um sistema que consiste de gotas de óleo dispersas em 
uma fase contínua aquosa é chamado emulsão O/A, que é o caso do leite, maionese, sopas e 
molhos (McClements, 2005).  
As emulsões são sistemas termodinamicamente instáveis devido à elevada e 
positiva energia livre de Gibbs resultante da grande tensão interfacial existente entre a água e 
o óleo e do aumento da área interfacial resultante do processo de formação das gotas. A fim 
de reduzir a energia livre de Gibbs do sistema, o equilíbrio termodinâmico é alcançado através 
da redução da área interfacial entre as duas fases através do processo de coalescência das 
gotas, o que implica na separação das fases. O processo de separação das fases de uma 
emulsão está relacionado com sua propriedade mais relevante que é a estabilidade cinética. 
Particularmente, para emulsões O/A existem diversos mecanismos de desestabilização, sendo 
os principais, a cremeação, a sedimentação, a floculação e coalescência de gotas (Figura 2.3). 
A cremeação ocorre quando a densidade das gotas é menor do que a da fase contínua. Já na 
sedimentação, a densidade das gotas é maior do que a da fase contínua, ocorrendo a sua 
deposição. A floculação consiste na associação das gotas em flocos, mantendo a integridade 
individual das gotas. A coalescência é o processo pelo qual duas ou mais gotas se fundem 
para formar uma única gota maior. A melhoria da estabilidade cinética ou o retardamento da 
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separação das fases pode ser obtido pela adição de substâncias químicas chamadas de 
emulsificantes e/ou estabilizantes (McClements, 2005).  
Emulsificantes são moléculas tensoativas que se adsorvem na superfície das gotas 
dispersas logo após estas terem sido formadas durante a homogeneização. Uma vez presentes 
na superfície da gota, os emulsificantes atuam reduzindo a tensão interfacial e formando uma 
camada ou membrana protetora em sua superfície, prevenindo a agregação das gotas 
(McClements, 2005). Existem duas grandes classes de agentes emulsificantes usadas no 
processamento de alimentos: surfactantes de baixa massa molecular (monoglicerídeos, 
polisorbatos, lecitina, etc.) e emulsificantes macromoleculares (geralmente proteínas, como as 
do leite e do ovo). Os surfactantes são classificados de acordo com o balanço hidrofílico-
lipofílico (HLB) em uma escala de 0 (lipofílico) a 20 (hidrofílico).  O HLB é definido como a 
razão entre a porcentagem em massa de grupos hidrofílicos e a porcentagem em massa de 
grupos hidrofóbicos na molécula. Geralmente, as emulsões água em óleo (A/O) são 
produzidas utilizando surfactantes com HLB baixo (3-8), enquanto emulsões O/A são 
produzidas utilizando surfactantes com HLB elevado (8-18) (Kralova e Sjöblom, 2009). Já os 
estabilizantes são definidos como componentes que conferem estabilidade às emulsões via 
modificação de propriedades da fase aquosa contínua, com o aumento da viscosidade ou 
mesmo a gelificação (Dickinson, 2003). Outra alternativa para se alcançar a estabilização de 
emulsões é a produção de emulsões do tipo Pickering, que são estabilizadas por partículas 
sólidas, formando uma barreira mecânica na interface que impede a desestabilização 
(Dickinson, 2012).  
Figura 2.3 Esquema dos mecanismos de instabilidade das emulsões O/A (McClements, 2005) 
 Capítulo II  37 
__________________________________________________________________________________ 
 
A estabilidade cinética de emulsões termodinamicamente instáveis também pode 
ser alcançada através da redução do tamanho médio de gota (McClements, 2005). O aumento 
da área interfacial entre o óleo e a água pode ser alcançado ao controlar as condições de 
formulação da emulsão e/ou de processo por meio de processos de baixa ou de alta energia 
(Santana et al., 2013). 
2.3.1 Métodos de emulsificação  
A quantidade de energia necessária para a formação das emulsões encontra-se 
diretamente relacionada com o tipo e concentração do emulsificante utilizado. Isto porque, a 
utilização de emulsificantes capazes de promover maior redução da tensão interfacial resultará 
em menor energia necessária para obter tamanhos de gota semelhantes a emulsificantes com 
menor capacidade de reduzir a tensão interfacial (Tadros, 2005). Processos de baixa energia 
(por exemplo, emulsificação espontânea e método de temperatura de inversão de fases) 
ocorrem sob condições de regime laminar e de baixa energia, o que é interessante do ponto de 
vista econômico, além de apresentar um grande potencial na encapsulação de compostos 
sensíveis. Este método é controlado principalmente através do comportamento físico-químico 
dos surfactantes e requer uma seleção cuidadosa na combinação de surfactantes e co-
surfactantes. Apesar do baixo custo energético, emulsões produzidas por processos de baixa 
energia não foram completamente implementadas para o uso em produtos alimentícios. As 
principais limitações desses sistemas em produtos alimentícios deve-se à utilização de 
ingredientes tóxicos e que poderiam causar efeitos adversos à saúde (Santana et al., 2013). 
Como alternativa, os processos de emulsificação de alta energia são tradicionalmente 
utilizados em operações industriais envolvendo produtos alimentícios. Tais métodos 
apresentam a vantagem de permitir o controle dos parâmetros do processo (quantidade de 
entrada de energia mecânica e tempo de permanência no equipamento) (McClements, 2004), 
garantindo flexibilidade no controle da distribuição de tamanho das gotas da emulsão, e 
possuem a capacidade de produzir emulsões finas (ou com reduzido tamanho de gota) a partir 
de uma ampla variedade de materiais (Jafari et al., 2008). Além dos parâmetros de processo, a 
quantidade de surfactante, a natureza dos componentes e a viscosidade das fases também 
afetam as propriedades da emulsão produzida através de processos de alta energia 
(McClements, 2004).  
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Os processos de emulsificação de alta energia consistem nas seguintes etapas que 
ocorrem de maneira simultânea: (1) elevada tensão de cisalhamento resulta em deformação e 
ruptura da gota, com consequente aumento da área superficial, e (2) estabilização da interface 
por emulsificantes a fim de prevenir a recoalescência das gotas formadas. As gotas estão 
sujeitas à colisão devido ao movimento Browniano e à turbulência de alta intensidade 
característica dos processos de emulsificação de alta energia. Caso a proteção promovida pelo 
emulsificante na interface seja insuficiente ou as gotas formadas não se encontrem totalmente 
recobertas por moléculas de emulsificantes, as gotas tendem a recoalescer. Dessa forma, o 
tamanho de gota final é resultado  do equilíbrio dinâmico entre a quebra das gotas, colisões e 
posterior recoalescência durante o processo de homogeneização (Jafari et al., 2008).  
O processo de emulsificação pode ser realizado pelo emprego de alta energia por 
dispositivos como de alta pressão, ultrassônicos ou tipo rotor-estator. Em geral, é mais 
eficiente e conveniente produzir uma emulsão em duas etapas: (a) conversão de fases 
separadas de óleo e água em uma macroemulsão com tamanho de gota da ordem de 
micrômetros (geralmente por dispositivos do tipo rotor-estator) e então (b) redução final do 
tamanho de gota usando outra técnica de alta energia (Jafari et al., 2008), como 
homogeneizador de alta pressão ou ultrassom. 
2.3.1.1 Homogeneização a alta pressão 
O processo de homogeneização em alta pressão consiste na passagem da 
macroemulsão por um estreito orifício sob uma pressão elevada, sendo que o fluido acelera 
rapidamente, alcançando uma alta velocidade (§ 300m/s) nos microcanais. A energia 
fornecida pelo processo como resultado do cisalhamento, impacto e cavitação é representada 
como a energia livre adicional necessária para a redução do tamanho de gotas que leva à 
criação de uma grande área interfacial (Walstra, 2003). O mecanismo de turbulência é 
responsável por este fenômeno, apesar do escoamento laminar e de cavitação desempenhar 
um papel importante na formação das novas gotas (Floury et al., 2000).  
Dependendo da taxa de adsorção interfacial do emulsificante, a distribuição do 
tamanho de gotas pode ser mono ou polidispersa (Jafari et al., 2008). Além disso, a densidade 
de energia aplicada durante o processo de homogeneização a alta pressão e o emulsificante 
definirão se  ocorrerá redução ou aumento do tamanho de gota com o aumento da pressão de 
homogeneização. A redução no tamanho das gotas com o aumento da pressão de 
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homogeneização e do número de passagens do homogeneizador ou o tempo de emulsificação 
tem sido observado em diversos estudos, incluindo emulsões estabilizadas por isolado 
proteico de soro de leite (Kuhn e Cunha, 2012), caseinato de sódio (Perrechil e Cunha, 2010) 
e fibras de colágeno (Santana et al., 2011). A pressões superiores, um aumento no tamanho 
das gotas com a pressão de homogeneização pode ocorrer devido ao processo de agregação 
das gotas, o que é o caso nas emulsões estabilizadas por biopolímeros uma vez que as 
proteínas suas propriedades emulsificantes podem ser prejudicadas devido à desnaturação 
resultante da aplicação de pressão. Este fenômeno tem sido observado em vários estudos 
envolvendo emulsões constituídas por proteínas do soro em condições de pressão de 
homogeneização superiores a 90 MPa (Desrumaux e Marcand, 2002), a 80 MPa e acima de 3 
passes (Kuhn e Cunha, 2012) ou ainda como resultado do efeito combinado do tratamento 
térmico das proteínas (70-90 ºC) seguido do processo de emulsificação a alta pressão (25-60 
MPa) (Mantovani et al., 2016). 
Além do tamanho da gota, a distribuição do tamanho também afeta diretamente a 
viscosidade e estabilidade das emulsões (Floury et al., 2000). Alguns estudos reportaram o 
aumento da viscosidade de emulsões estabilizadas por proteínas com o decréscimo no 
tamanho de gota resultante do processo de homogeneização a alta pressão (Kuhn e Cunha, 
2012, Mantovani et al., 2013, Santana et al., 2011). Tal fato pode ser atribuído ao aumento 
nas interações hidrodinâmicas entre as gotas devido à diminuição na distância média de 
separação entre as mesmas (Pal, 2000), a uma maior quantidade de proteína adsorvida ou a 
um maior empacotamento das proteínas na interface O/A (Innocente et al., 2009). Por outro 
lado, a redução da viscosidade com a diminuição do tamanho da gota obtida a partir de um 
aumento da pressão de homogeneização também pode ocorrer tal como observado em 
emulsões estabilizadas por proteínas do soro de leite (Desrumaux e Marcand, 2002) e fibra de 
colágeno (Santana et al., 2011). A diminuição da viscosidade pode estar relacionada à redução 
da funcionalidade da proteína provocada pela pressão de homogeneização (Floury et al., 
2002). 
Diversos estudos tem relatado o aumento de temperatura como consequência do 
aumento da pressão de homogeneização (Desrumaux e Marcand, 2002, Santana et al., 2011, 
Kuhn e Cunha, 2012). O aquecimento do fluido no homogeneizador de alta pressão é devido 
ao atrito causado pela elevada velocidade do fluxo de fluido, o qual é então forçado pela 
válvula (McClements, 2005). Alguns biopolímeros, tais como proteínas, podem perder a sua 
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funcionalidade por meio da aplicação de alta pressão ou de um aumento na temperatura de 
equipamento devido à desnaturação e consequente agregação proteica por interações 
hidrofóbicas (Floury et al., 2000), o que pode resultar na desestabilização do sistema. Além 
disso, o aquecimento durante o processo de emulsificação pode impedir a incorporação em 
emulsões de componentes sensíveis ao calor como vitaminas e óleos sensíveis à oxidação. 
Neste caso, o resfriamento das emulsões imediatamente após seu preparo é uma boa 
alternativa para melhorar a aplicação de biopolímeros na produção de emulsões alimentícias 
estáveis através do processo de alta pressão (Santana et al., 2013). 
2.3.1.2 Emulsificação por ultrassom 
O processo de emulsificação por ultrassom consiste em duas etapas: (1) ondas 
interfaciais produzidas por um campo acústico geram instabilidade que causa a erupção da 
fase oleosa na fase aquosa formando gotas primárias e (2) quebra das gotas primárias devido à 
cavitação acústica que resulta em alta turbulência e força cisalhante local levando a violentas 
e assimétricas implosões das bolhas. Estas implosões levam à formação de microjatos que 
também auxiliam na redução das gotas primárias produzindo gotas de tamanho nanométrico 
(Li e Fogler, 1978a, Li e Fogler, 1978b). Dentre as vantagens da utilização do dispositivo 
ultrassônico em comparação aos demais dispositivos mecânicos clássicos estão uma redução 
significativa da quantidade de emulsificante, consumo de energia consideravelmente mais 
baixo, e gotas mais homogêneas e estáveis (AbismaÕࡇ l et al., 1999, Tadros et al., 2004).  
Ultrassom de baixa frequência (20 kHz) e alta intensidade tem sido 
extensivamente utilizado em processos de emulsificação . Um estudo recente demonstrou o 
potencial do uso de processo de emulsificação por ultrassom para encapsulação e entrega de 
compostos nutricionais em bebidas lácteas (Shanmugam e Ashokkumar, 2014b). 
Emulsificação por ultrassom foi utilizada com êxito para incorporar óleo de linhaça em leite 
desnatado homogeneizado pasteurizado. O aumento da potência e do tempo de processamento 
em ultrassom resultou na redução do tamanho médio de gota, favorecendo a estabilidade da 
emulsão. Este mesmo estudo também comparou a estabilidade de emulsões contendo óleo de 
linhaça produzidas em ultrassom com emulsões produzidas por rotor-estator, ambos nas 
mesmas condições de densidade de energia. O rotor-estator não foi capaz de produzir 
emulsões estáveis mesmo após maior tempo de processo, confirmando a superioridade do 
processo de emulsificação em ultrassom. A estabilidade das emulsões produzidas em 
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ultrassom foi atribuída às forças de cisalhamento geradas durante a cavitação acústica que 
levaram à desnaturação parcial das proteínas do soro levando ao aumento da hidrofobicidade 
destas moléculas (Shanmugam et al., 2012, Shanmugam e Ashokkumar, 2014b), melhorando 
a estabilidade das gotas de óleo de linhaça frente a processos de desestabilização como a 
coalescência. 
Em um estudo posterior, as propriedades funcionais de emulsões contendo óleo de 
linhaça e proteínas lácteas foram avaliadas (Shanmugam e Ashokkumar, 2014a). Os géis 
produzidos a partir de emulsões geradas em ultrassom mostraram melhores características de 
gelificação (tempo de gelificação reduzido, natureza elástica aumentada, sinerese reduzida e 
maior força de gel). A melhoria das propriedades funcionais  também foi atribuída à presença 
de proteínas do soro parcialmente desnaturadas que resultaram em uma rede de gel mais forte.  
Alguns estudos relataram uma redução do tamanho da proteína na forma nativa 
após tratamento em ultrassom (O'Sullivan et al., 2014, Arzeni et al., 2012). Outros autores 
avaliaram o efeito do tratamento ultrassônico prolongado em sistemas contendo proteínas do 
soro do leite e observaram que a sonicação afetou a hidrofobicidade superficial das proteínas 
(Chandrapala et al., 2012, Zisu et al., 2011). A redução significativa da viscosidade e 
subsequente estabilidade ao calor também foram observadas após a sonicação de uma solução 
de proteína de soro de leite pré-aquecida (Ashokkumar et al., 2009). A redução da viscosidade 
foi atribuída às forças de cisalhamento geradas durante cavitação acústica.  
2.4 Processos de simulação da digestão in vitro 
Em humanos, a digestão de lipídeos começa no estômago (pH 1-3) onde 
aproximadamente 10-30% da lipólise ocorre pela ação da lipase gástrica. Quando o alimento 
parcialmente digerido passa do estômago para o intestino delgado (pH próximo à 
neutralidade), ele é misturado com os sais de bile e secreções pancreáticas no duodeno 
formando uma emulsão estabilizada por biossurfactantes. Um dos papéis fundamentais dos 
sais de bile é preparar a superfície da gordura para melhorar o acesso das enzimas lipolíticas 
ao substrato lipidíco. Portanto, aproximadamente 80% da lipólise ocorre no intestino delgado 
e mais especificamente na interface óleo-água, sendo mediada pelo complexo lipase 
pancreática-colipase e resultando na liberação do monoacilglicerol (sn-2) e dois ácidos graxos 
livres a partir dos triacilgliceróis. Os produtos da lipólise são então incorporados nas micelas 
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de sais biliares/fosfolipídeos (micelas mistas) para serem transportados no meio aquoso e 
absorvidos através da mucosa do intestino delgado (Damodaran et al., 2010). 
Dessa forma, as características da camada interfacial influenciam diretamente na 
resistência das emulsões alimentícias sob as condições do trato gastrointestinal já que 
substâncias com atividade de superfície secretadas no estômago e intestino podem competir e 
substituir o emulsificante presente originalmente na superfície das gotas (Hur et al., 2009). 
Além disso, a composição do filme interfacial também afeta a adsorção e atividade da lipase 
na interface óleo-água. Isto porque a hidrólise lipídica consiste em um processo interfacial, 
que envolve a adsorção do sal biliar para a posterior adsorção da lipase na superfície das gotas 
de óleo, permitindo que a enzima tenha acesso aos triacilgliceróis (Wilde e Chu, 2011). Neste 
contexto, os principais mecanismos relacionados ao efeito que a composição e a estrutura das 
emulsões alimentícias tem na digestão de lipídeos encontram-se resumidos a seguir: (i) 
floculação e coalescência das gotas de óleo sob condições gastrointestinais, resultando em 
menor área interfacial disponível para adsorção de lipase e retardamento da lipólise, (ii) 
fatores estéricos que inibem a adsorção da lipase na interface óleo-água (por exemplo, filmes 
interfaciais espessos, rigidez da interface) e (iii) resistência do material de interface ao 
deslocamento por sais biliares (Golding e Wooster, 2010). 
Estudos in vitro são amplamente utilizados com o objetivo de prever a lipólise de 
emulsões alimentícias no trato digestivo por apresentarem menor custo e tempo quando 
comparados aos estudos in vivo e também por não possuírem restrições éticas (Minekus et al., 
2014). A maioria desses estudos é realizada em modelos estáticos onde a digestão gástrica e 
do intestino delgado são reproduzidas em duas etapas consecutivas (Minekus et al., 2014). 
Devido ao menor custo envolvido, modelos in vitro permitem estudar um grande número de 
amostras e os efeitos separados e/ou combinados de cada etapa da digestão na liberação de 
ácidos graxos livres. No entanto, a diversidade de modelos e metodologias existentes impede 
a comparação entre os resultados de diferentes trabalhos (Pilosof, 2016).  
Comparado aos modelos estáticos, modelos dinâmicos tem a vantagem de 
promover a simulação das mudanças das condições físico-químicas de maneira contínua no 
trato gastrointestinal (por exemplo, variação do pH, alteração das concentrações das secreções 
enzimáticas e simulação das forças peristálticas) (Alminger et al., 2014). O modelo dinâmico 
utilizado no presente trabalho foi adaptado do sistema TNO (TIM-1) desenvolvido pela TNO 
em Zeist (Holanda) que consiste de 4 diferentes compartimentos representando o estômago, o 
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duodeno, o jejuno e o íleo do trato gastrointestinal. Cada compartimento é composto por 
jaquetas de vidro revestidas com paredes flexíveis. O sistema TIM-1 permite a simulação das 
condições fisiológicas do estômago e intestino delgado humanos tais como a taxa de 
esvaziamento gástrico, movimentos peristálticos, tempo de trânsito através do intestino 
delgado e mudança gradual do pH nos diferentes compartimentos (Minekus et al., 2005). 
Resultados satisfatórios utilizando este sistema (TIM-1) foram obtidos na avaliação da 
liberação e estabilidade digestiva de carotenóides (Blanquet-Diot et al., 2009) e na avaliação 
da bioacessibilidade de folato e ácido fólico (Öhrvik e Witthöft, 2008) a partir de matrizes 
alimentícias. O mesmo sistema também foi utilizado a fim de monitorar o efeito das 
moléculas com atividade superficial na digestão dos triglicerídeos (Reis et al., 2008) e no 
estudo da influência de goma guar parcialmente hidrolisada na hidrólise de gorduras 
(Minekus et al., 2005), sendo que no último caso observou-se boa correlação com resultados 
in vivo. Um modelo adaptado do TIM-1 equivalente ao utilizado neste projeto foi utilizado 
para determinar a bioacessibilidade de curcumina incorporada em nanoemulsões (Pinheiro et 
al., 2016).  
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ABSTRACT 
The effect of the soybean lecithin (SL) (0-0.25% w/v) on the kinetics of whey protein (2% 
w/v) fibril formation and their stability under different pH values were evaluated. Linear and 
longer fibrils were formed in the presence of SL at concentrations below critical micelle 
concentration whilst a higher SL content led to fibril aggregation. The electrophoretic profiles 
and rate of fibril formation were not affected by the presence of SL. In spite of indicating SL-
protein interaction, circular dichroism results showed that SL did not affect significantly the 
protein secondary structure conformation during heating. The pH-stability of fibrils was 
evaluated in a pH range from 3 to 7. At pH 3, the fibrils were isolated, but the increase of pH 
to 5 led to the formation of big aggregates that became more opened at pH 7, mainly in the 
presence of SL. These results were confirmed by small-angle X-ray scattering profiles. 
Different from fibrils formed without SL, the secondary structure of fibrils formed in the 
presence of SL showed no differences increasing pH from 3 to 7. Thus, despite not affecting 
the fibril growth mechanism and conformation, the presence of SL decreased the protein 
susceptibility to pH changes broadening the potential application of nanofibrils as a food 
ingredient. In this context, changes of process variables were carried out in order to enhance 
whey protein nanofibril formation in the presence of lecithin. Alternatives such as increasing 
pH, reducing protein-lecithin ratio and the modification of phospholipids composition favored 
the amyloid-like structure formation. 
       
Keywords: Whey protein; Lecithin; Surfactant; Self-assembly; Fibril; pH-stability 




Amyloid fibrils are Ⱦ-sheet-rich and filamentous protein structures with typical 
high aspect ratio (length/ diameter) due to reduced diameters (~10 nm) and lengths of the 
order of microns (Chiti & Dobson, 2006). Protein nanofibril self-assembly is considered a 
simple process which is advantageous when compared to others nanostructures (Sasso et al., 
2014). The protein fibril functionality includes increasing viscosity and acting as gelling agent 
besides stabilizing foams and emulsions (Rossier-Miranda, Schroën, & Boom, 2010), but all 
these properties are strongly dependent on the aspect ratio of the fibrils  (Kroes-Nijboer et al., 
2012). The high aspect ratio of fibrillar structures is responsible for their efficient structuring 
ability since, at low volume fraction or protein content, they are capable of forming a space 
filling network. The great interest in whey proteins for fibril formation is mainly associated to 
their low cost and availability (Sasso, et al., 2014). Furthermore, replacing ȕ-lactoglobulin (ȕ-
lg), which is the major fraction of whey proteins, for ȕ-lg fibrils in food products would be an 
alternative of decreasing the allergenicity that is caused during its digestion in the 
gastrointestinal system, providing similar nutritional effect (Bateman, Ye, & Singh, 2011). 
Whey protein fibrils are commonly produced at very acidic pH, but the 
knowledge of pH-stability of fibril systems is essential since most food products show pH 
values ranging from 4 to 7 (Kroes-Nijboer, et al., 2012). Nanofibrils are typically dispersible 
at certain environmental conditions such as low protein concentrations, low ionic strength and 
pH far from the protein isoelectric point (pI) (Sagis et al., 2002) that promotes strengthened 
electrostatic repulsion. In this way, changing these favorable conditions could cause the 
aggregation of these nanostructures besides modifying the viscosity and turbidity of the 
nanofibril dispersion. Improved nanofibril stability against aggregation at weakened 
electrostatic repulsion was reached after glycation with lactose (Liu & Zhong, 2013) or by 
electrostatic complexes formation with sodium dodecyl sulfate (SDS), a negatively charged 
surfactant (Jung, Savin, Pouzot, Schmitt, & Mezzenga, 2008).    
Surfactants are the most common additives applied to induce the formation of 
protein amyloid structures and  SDS is the most used for this purpose (Javed M. Khan, 
Abdulrehman, Zaidi, Gourinath, & Khan, 2014). Interactions between proteins and surfactants 
can modify proteins functionality, such as emulsifying capability, which is interesting in food 
and pharmaceutical industries (Andersen et al., 2009). Lecithin, a zwitterionic surfactant, is an 
important natural emulsifier (Shukat & Relkin, 2011) which is quite efficient on reducing 
 Capítulo III  54 
__________________________________________________________________________________ 
 
interfacial tension (Pugnaloni, Dickinson, Ettelaie, Mackie, & Wilde, 2004). Lecithin is 
composed by a mixture of phospholipids (Michelon, Mantovani, Sinigaglia-Coimbra, de la 
Torre, & Cunha, 2016), which are important constituents of the cell membrane and can also 
be naturally found in milk fat globule membrane (Sawyer & Kontopidis, 2000). Ionic 
surfactants and proteins can bind directly through hydrophobic and electrostatic interactions 
(Kelley & McClements, 2003), which can modify the stability of a protein-based system 
under different environmental conditions such as pH or ionic strength (Andersen, et al., 
2009). Then, the knowledge of nature of surfactant-protein interactions and their influence on 
whey protein fibril formation is of great importance and essential to define its suitable 
application in food products.  
Therefore, this work aimed to produce whey protein nanofibrils in the presence of 
soybean lecithin (SL), a surface-active ingredient, evaluating the effect of the surfactant on 
the kinetics of fibril formation and its stability under pH changes. Afterwards, changes of 
process variables (pH, protein content and phospholipids composition) were carried out in 
order to enhance whey protein nanofibril formation in the presence of lecithin. For this 
purpose, visual appearance, surface charge density, thioflavin T fluorescence, circular 
dichroism spectroscopy, sodium dodecyl sulfate polyacrylamide gel electrophoresis and small 
angle X-ray scattering profiles of nanofibrils were evaluated. 
3.2 MATERIALS AND METHODS 
3.2.1 Materials  
Whey protein isolate (WPI) (protein content of 90.6 ± 0.5% w/w) was obtained 
from New Zealand Milk Products (ALACEN 895, New Zealand). SL (Lipoid S45) containing 
>45% w/w phosphatidylcholine (PC), 10–18% w/w phosphatidylethanolamine (PE), <4% 
w/w lysophosphatidylcholine (LPC) and <3% w/w triglycerides (TG) and purified egg 
lecithin (EL) (Lipoid E PG) containing 99.6% w/w phosphatidylglycerol (PG), 0.4% w/w 
phosphatidic acid (PA), <0.1% w/w PC, <0.1% w/w lysophosphatidylglycerol (LPG) and 
<0.1% w/w TG were purchased from Lipoid GmbH (Germany). Other reagents of analytical 
grade were purchased from Sigma Aldrich Co. (St. Louis, USA). 
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3.2.2 Determination of critical micelle concentration (CMC) 
The SL CMC was determined according to adapted methodology from Wu & 
Wang (2003). The surface tension of SL aqueous dispersions at pH 2 was measured using a 
pendant-drop tensiometer Tracker-S (Teclis, Longessaigne, France). These dispersions were 
prepared at different lecithin concentration in the presence or absence of WPI 2% (w/v). The 
drop volume was 8 ȝL and the measurements were performed at 25 ºC. Surface tension values 
were plotted against lecithin concentration. The initial part of the curve showing a reduction 
of surface tension and the part exhibiting constant values (plateau) were evaluated separately 
in order to obtain the linear fitting of each part. The intercept where the surface tension started 
to become constant with increasing lecithin concentration was considered as the CMC. 
Samples were measured in duplicate at 25ºC.    
3.2.3 Fibril formation 
A WPI stock solution (3% w/w) was prepared by dissolving the protein powder in 
ultrapure water (Direct-Q3, Millipore, USA) using magnetic stirring at room temperature for 
2 hours, ensuring complete dissolution of the protein. The pH of protein solution was adjusted 
to pH 2 with 3 M HCl. Afterwards, the stock solution was filtered through 0.45 ȝm low-
protein adsorbing filters (Millex-HV®, Millipore, USA). SL stock solution was prepared by 
dispersing SL in water (1.5% w/v) using magnetic stirring at room temperature until complete 
dissolution. Stock solutions were mixed using magnetic stirring in order to obtain systems 
containing a fixed amount of protein (2% w/v) and 0-0.25% (w/v) of SL. The pH was 
adjusted to 2 and the mixture was heated at 80 ºC during 20 hours under mild stirring. After 
the heat treatment, the systems were immediately cooled to room temperature using an ice 
bath. After that, the pH of fibrillar solutions was adjusted to 3, 5 and 7 using 2 M NaOH. The 
systems before and after heating were called as Control and Fibril, respectively. In a second 
moment, the following systems prepared as described above were evaluated: (i) W2 SL0.05 - 
pH 3: fibrils formed with 2% w/v WPI in the presence of 0.05% w/v SL by heating at pH 3, 
(ii) W0.5 SL0.05 - pH 2: fibrils formed with 0.5% w/v WPI in the presence of 0.05% w/v SL 
by heating at pH 2 and (iii) W2 EL0.025 - pH 2: fibrils formed with 2% w/v WPI in the 
presence of 0.025% w/v EL by heating at pH 2. 
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3.2.4 Zeta potential  
To determine the surface electric charge density of the fibrils, the dispersions 
were diluted to a concentration of about 0.05% (w/v) in Milli-Q water before being placed in 
the measuring chamber of microelectrophoresis (Zetasizer Nano-ZS, Malvern Instruments 
Ltd., UK). The Smoluchowski mathematical model was used to convert the electrophoretic 
mobility measurement into zeta potential values. Samples were measured in triplicate at 25ºC. 
3.2.5 Thioflavin T (ThT) fluorescence 
Firstly, ThT fluorescence measurements were carried out to evaluate the 
nanofibril formation. Afterwards, ThT fluorescence measurements were carried out in order to 
evaluate the fibril pH-stability. ThT stock solution (3 mM) was made by dissolving ThT in 
phosphate buffer (10 mM phosphate, 150 mM NaCl at pH 7). This stock solution was filtered 
through a 0.22 ȝm syringe filter and diluted 50-fold in phosphate buffer (10 mM phosphate, 
150 mM NaCl at pH 7) before to be used. Fibril dispersions (48 ȝL) were mixed with 4 mL of 
this ThT solution during 1 minute in order to allow the binding between ThT and the protein. 
The fluorescence of the samples was measured using a ISS K2 fluorometer (ISS, USA). The 
excitation wavelength was set on 446 nm (slit width 0.5 mm) and the emission spectrum was 
recorded between 470 and 500 nm (slit width 0.5 mm). The fluorescence intensity peak was 
determined at 482 nm and the fluorescence intensity of the ThT solution (without reaction) 
was subtracted as a background. All samples were measured in duplicate. 
3.2.6 Far-UV circular dichroism (CD) 
Firstly, far-UV CD was used to investigate the secondary structure of native and 
fibrillar protein dispersions. In a second moment, far-UV CD was used to evaluate the fibril 
pH-stability. Far-UV CD spectra of 0.1 mg/mL protein dispersions were obtained and 
recorded at 25 ºC in the spectral range from 190 to 260 nm with a Jasco J-810 
spectropolarimeter (Jasco Corp., Japan), using a quartz cuvette with an optical path of 0.1 cm. 
The spectral resolution was 0.5 nm, and the scan speed was 100 nm/min, with a response time 
of 0.125 s at a bandwidth of 1 nm. Twenty scans were accumulated and averaged, and the 
spectra were corrected using a protein-free sample. The mean residue ellipticity [ș] 
(deg.cm2/dmol) was calculated from the formula [ș] = (șobs/10) × (MRW/lc), where: șobs – 
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observed ellipticity in degrees; MRW – mean residue molecular weight (molecular mass of 
the protein divided by the number of residues); l – optical pathlength in cm; c – protein 
concentration in g/ml. The mean residue weight of the WPI was estimated to be 114, based on 
the molecular masses of the three major components: ȕ-lg, Į-lactalbumin (Į-la), and bovine 
serum albumin (BSA). The secondary structure contents of the samples were estimated from 
the CD spectra using two algorithms, CONTINLL and CDSSTR, implemented in the 
DICHROWEB calculation server (Whitmore & Wallace, 2004, 2008). 
3.2.7 Transmission electron microscopy (TEM) 
A droplet of the diluted nanofibril dispersions was put onto a carbon support film 
on a copper grid. The excess was removed after 5 minutes with a filter paper. Subsequently, a 
droplet of 2% (w/v) uranyl acetate was put onto the grid and again removed with a filter paper 
after 1.5 minute. The excess of water content was removed by drying the stained sample on 
the grid at 60 ºC/ 5 minutes. Electron micrographs were taken using a Carl Zeiss Libra 120 
transmission electron microscope operating at 120 kV equipped with an in-column OMEGA 
energy filter and a Olympus CCD camera 14 bits with 1376 x 1032 resolution. 
3.2.8 Small-angle X-ray scattering (SAXS) 
Nanofibril structure was characterized using SAXS measurements performed at 
room temperature using the beamline of the National Synchrotron Light Laboratory (LNLS, 
Campinas, Brazil). The beamline is equipped with an asymmetrically cut and bent silicon (1 1 
1) monochromator that yields a monochromatic (Ȝ = 1.54 Å) and horizontally focused beam. 
A position-sensitive X-ray detector and a multichannel analyzer were used to record the 
SAXS intensity, I(q), as a function of modulus of scattering vector q: q = (4ʌȜ) sin(ș/2), ș 
being the scattering angle. Each SAXS pattern corresponds to a data collection time of 90 s. 
3.2.9 Sodium dodecyl sulfate polyacrilamide gel electrophoresis (SDS-
PAGE) 
Samples were subjected to SDS-PAGE under reducing and non-reducing 
conditions, using a gel of 1.5 mm thickness with 15% acrylamide running gel and 5% 
stacking gel. A Mini-Protean electrophoresis system (Bio-Rad Laboratories, USA) was used 
for the measurements at a constant voltage of 120 V. 
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Nanofibril dispersions were diluted in ultrapure water (Direct-Q3, Millipore, 
USA) (2 mg protein/mL) and mixed at 1:1 ratio with an electrophoresis sample buffer 
(containing 50 mM Tris-HCl, 2% (w/v) SDS, 10% (v/v) glycerol, 0.1% (w/v) bromophenol 
blue) to perform non-reducing conditions. Then, 0.001 M E-mercaptoethanol was added to the 
buffer in order to evaluate reducing conditions. These mixtures were heated for 5 minutes at 
70 ºC and then 15 Pg aliquots were loaded onto the polyacrilamide gels. A commercial 
molecular weight marker (Pre-stained InvitrogenTM Bench Marker Protein Ladder, Bioagency 
International, USA) was used for the control of molecular weight. After each run, the gels 
were immediately stained using 0.25% (w/v) Comassie Brilliant Blue for 2 hours and 
destained with a solution composed of methanol/glacial acetic acid/water (4.5:1:4.5) for 3 
hours with five changes.  
3.2.10 Statistical analysis  
Significant differences were determined by the Tukey test. Statistical analyses 
were performed using the software STATISTICA 7.0 (Statsoft Inc., Tulsa, USA) and the level 
of confidence was 95%. 
3.3 RESULTS 
3.3.1 Properties of whey protein and soybean lecithin before fibril 
formation    
The surfactants are monomers at lower concentrations whilst micelles are formed 
at higher concentrations or above CMC (Kumar & Prabhu, 2014). The knowledge of the 
CMC is important since different protein-surfactant interactions occur in the presence of 
monomeric or micellar surfactants (Otzen, 2011). The buffer conditions and the addition of 
co-solvents generally affect the minimum concentration value at which a surfactant forms 
micelles  (Kumar & Prabhu, 2014). Figure 3.1 presents the SL CMC in the presence and 
absence of WPI. In both conditions, the SL reduced surface tension at low concentrations. 
Increasing SL concentration a constant value of surface tension was reached. However, the 
surface tension values decreased more drastically in the absence of WPI. On the other hand, 
the presence of protein led to lower values of surface tension since its amphiphilic character 
also reduces the surface tension. The interception point between the lines fitting the initial 
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decay and the plateau was regarded as the CMC. In the absence of protein, SL starts to form 
micelles around 0.08%, but the addition of 2% (w/v) WPI led to a slight decrease of the CMC 
to 0.065%. Other studies have also reported the decrease of anionic surfactants CMC due to 
the presence of proteins or peptides (Giehm, Oliveira, Christiansen, Pedersen, & Otzen, 2010; 
Necula, Chirita, & Kuret, 2003; Rivers et al., 2008; Tessari, Foffani, Mammi, & Peggion, 
1993). Results showed that the surface tension of SL and protein added of SL was reduced to 
a constant value of 58 and 48 mN/m, respectively, when the CMC was reached. Thus, the 
mixture protein-SL showed great capability of reducing surface tension than only SL 
suggesting an enhanced emulsification ability (Kumar & Prabhu, 2014).  
 
Figure 3.1 CMC  of  SL  in  water  at  25  ºC  ( ) in the absence and ( ) presence of 2% 
(w/v) WPI. 
3.3.2 Nanofibril formation 
The effects of the surfactant on protein depend on both the charge of protein and 
surfactant and on the surfactant concentration (Loureiro, Rocha, & Pereira, 2013; Zhang & 
Keiderling, 2006). Thus, nanofibril formation was studied in the presence of different 
concentrations of SL, ranging from their monomeric to micellar concentrations. 
3.3.2.1 Morphology 
TEM micrographs (Figure 3.2) were taken from nanofibrils prepared from a fixed 
content of WPI (2% w/v) with addition of different concentrations of SL, ranging from their 
monomeric (0.05% w/v) to micellar concentrations (0.25% w/v), at pH 2. In this way, the 
influence of the presence of SL at a concentration below and above the CMC on the protein 
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fibril formation was evaluated. Linear and long fibrils were observed in the micrographs of 
WPI solution without SL and in the presence of 0.05% SL (below CMC). The fibrils showed 
similar appearance in the presence of SL below CMC, but fibril aggregation was observed 
above CMC.  
Figure 3.2 TEM pictures of nanofibrils containing 2% (w/v) WPI and different SL 
concentrations at pH 2. SL concentration: (A) 0%, (B) 0.05% (below CMC) and (C) 0.25% 
(above CMC). Scale bars represent 0.5 ȝm. 
3.3.2.2 Surface charge density 
The pH dependence of the electric charge of WPI, SL and their mixtures before 
(Control) and after heating at 80 ºC and pH 2 for 20 h (Fibril) are shown in Figure 3.3. The 
zeta potential of the SL was negative from pH 2 to 9 and an increase of the surface charge 
density of the SL was observed at pH value between 4 and 2. On the other hand, the zeta 
potential of the WPI changed from positive to negative as the pH increased from 2 to 9. The 
pH dependence of zeta potential of WPI added of SL was similar to that observed in the 
absence of SL. The predominance of the protein effect could be attributed to the much higher 
content of protein when compared to SL content. After WPI heating, the magnitude of zeta 
potential increased slightly and the point of protein net zero charge or pI shifted from 5.0 to 
5.2. Regarding the control systems (without heat treatment), the increase of SL concentration 
from 0 to 0.25% displaced the pH corresponding to zero zeta potential (pH0) to lower pH 
values, which could be associated to electrostatic complexes formed between whey protein 
and SL since they were oppositely charged at pH below the protein pI. However, the heating 
process or fibril formation led to higher values of pH0 in the presence of SL. 
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Figure 3.3 (A) Zeta potential of systems with 2% WPI and 0-0.25% SL non-treated (Control) 
and after heat treatment (Fibril) as a function of pH. (B) pH corresponding to zero zeta 
potential (pH0) of systems with 2% WPI and 0-0.25% SL ( ) non-treated (Control) and ( ) 
after heat treatment (Fibril). 
3.3.3 Heat-induced hydrolysis kinetics of whey protein at low pH 
The study of heat-induced hydrolysis kinetics of the WPI at acidic conditions was 
carried out only for SL concentration below the CMC since fibrils aggregated at higher SL 
content.  
3.3.3.1 Polyacrylamide gel electrophoresis (SDS-PAGE)  
The effect of the SL addition on heat-induced hydrolysis kinetics of the WPI at 
pH 2 was evaluated through electrophoretic profiles (Figure 3.4A-D). The SDS-PAGE results 
were very similar independent of SL addition. SDS-PAGE profiles showed that native protein 
solution (heating time 0 h) has broad bands of E-lg monomers (around 18 kDa) and D-la 
(around 14 kDa), which are the most abundant fractions in whey proteins. Moreover, minor 
bands related to the fraction of BSA and E-lg dimers were also observed. The gels did not 
show any stained material in the stacking gel, indicating that high molecular weight 
aggregates were not present even for non-reducing conditions. The heat-induced hydrolysis 
process led to a gradual reduction of protein molecular weight in 2 steps: (i) 0 - 9 h: the 
formation of peptides of molecular weight between 19 and 15 kDa and (ii) 9 - 20 h: the 
formation of smaller peptides (< 15 kDa). The band of BSA completely disappeared in the 
first 2 h of heating, while bands of E-lg dimers, E-lg monomers gradually disappeared along 
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20 h of heat treatment. On the other hand, the band of D-la fraction became less marked after 
20 h but did not completely disappear during the heat treatment. The results indicated that the 
WPI fibril formation is mainly related to E-lg hydrolysis into small peptides that are further 
assembled into fibrils at severe environmental conditions (low pH and ionic strength and high 
temperature) (Bolder, Hendrickx, Sagis, & van der Linden, 2006; Kroes-Nijboer, et al., 2012). 
Although both protein (+35 mV) and SL (-3 mV) were oppositely charged at pH 2 (Figure 
3.3), the formation of electrostatic complexes protein-SL was probably not favored under the 
heat treatment conditions (high temperature and acidic pH) due to the very low magnitude of 
zeta potential value of SL at pH 2. On the other hand, the opening of the heat-treated protein 
structure could facilitate hydrophobic protein-SL interactions. However, differences between 
the protein electrophoretic profiles with or without SL were not observed which could be 
related to the lower molecular weight of the lecithin. For example, PC, the main component of 
SL, presents an average molecular weight of 780 Da which is approximately 20-fold lower 
than the D-la molecular weight. A second hypothesis would be the displacement of lecithin 
molecules by the SDS used in the electrophoresis analyses since both compounds are 
surfactants showing negative surface charge. 
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Figure 3.4 SDS-PAGE electrophoretograms for time-dependence heating of the nanofibril 
solutions at pH 2 containing 2% WPI and (A, C) 0% or (B, D) 0.05% SL during heat-
treatment. (A, B) SDS-PAGE under non-reducing conditions, (C, D) SDS-PAGE under 
reducing conditions. Lanes (M) commercial molecular weight marker, heating time: 0, 2, 4, 6, 
9 and 20 h. 
3.3.3.2 ThT fluorescence 
ThT is an amyloid specific dye that allows to detect the presence of fibrillar 
aggregates containing ȕ-sheet structures from an increase of ThT fluorescence (Kumar & 
Prabhu, 2014). The Figure 3.5A presents the results of ThT assay as a function of heating 
time for protein in the absence and presence of SL. The increased fluorescence intensity in 
heated systems at pH 2 confirms the ȕ-sheet fibrillar structures formation. For both 
compositions, the non-heated WPI (time 0 h) showed the lowest fluorescence intensity and 
the absence of SL led to greater fluorescence intensity values. Following the heating process 
of the protein solutions at pH 2, an almost linear and more pronounced increase in 
fluorescence intensity was observed within 9 h indicating that the major portion of amyloid 
structures were formed during this period. A further slight increase of fluorescence intensity 
was observed until 20 h. The modification of the slope of the curve of fluorescence intensity 
vs heating time at 9 h could be related to the different hydrolysis steps observed in the 
electrophoretic profiles (Figure 3.4). In this way, greater peptides were involved in the fibril 
formation until 9 h of heating while smaller peptides formed after this period were further 
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incorporated into the amyloid structures. The presence of SL led to lower values of 
fluorescence intensity during heat-induced hydrolysis indicating a decrease of the yield of 
fibril formation (Figure 3.5A). Although the yield of nanofibril formation was lower in the SL 
presence, the rate was similar regardless the phospholipids presence as can be seen in Figure 
3.5B. Liu & Zhong (2013) have also observed the reduction of yield but a similar rate of fibril 
formation after glycation of WPI with lactose. 
Figure 3.5 (A) ThT fluorescence intensities as a function of heating time at a WPI 
concentration of 2% (w/v). (B) Replotted ThT fluorescence intensity after being normalized 
by the corresponding value at the 20 h time point. SL concentration: ( ) 0% and ( ) 0.05% 
(w/v).  
3.3.3.3 Far-UV circular dichroism 
The effect of SL addition on the whey protein native structure and thermal 
unfolding due heating at 80 ºC at pH 2 was investigated using circular dichroism (CD) 
spectroscopy (Figure 3.6). The secondary structure consisted of a superposition of Į-helix, ȕ-
sheet and random coil contributions to the ellipticity. The non-heated WPI solutions (heating 
time 0 h) with and without SL showed a broad depression with a minimum plateau from 206 
nm to 222 nm and a zero crossing at 201 nm, showing that Į-helices and ȕ-structures were the 
dominant secondary structure conformation. The E-lg which is the main protein fraction of 
whey protein is known for presenting a secondary structure rich in E-sheet (Mercadé-Prieto, 
Paterson, & Wilson, 2007) whilst the secondary structure of Į-la consists mainly of Į-helices 
despite of having some E-sheet (Chrysina, Brew, & Acharya, 2000). The heating at 80 ºC at 
pH 2 led to lower mean residue ellipticity [ș] and zero crossing values. In addition a shift in 
the minimum ellipticity towards lower wavelengths from the first 2 h of heating indicated an 
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unfolding of the protein secondary structure (Dave, Loveday, Anema, Jameson, & Singh, 
2014; Dunstan, Hamilton-Brown, Asimakis, Ducker, & Bertolini, 2009). This fact could be 
related to the appearance of peptides, which occurred after the first 2 h of heat treatment as 
observed in the electrophoresis analyses (Figure 3.4). The fibrils formed in the presence of SL 
showed lower mean residue ellipticity [ș], suggesting that the presence of this surfactant led 
to greater loss of protein secondary structure content (Qi & Onwulata, 2011).  
Figure 3.6 Far-UV circular dichroism (CD) spectra of whey protein solution (2% w/v) added 
of SL as a function of heating time. SL concentration: (A) 0% and (B) 0.05%. Heating time: 
( ) 0, ( ) 2, ( ) 4, ( ) 6, ( ) 9 and ( ) 20 h. 
The protein conformational analysis based on CD data suggests that upon SL 
addition before heat treatment (0 h), an increase in Į-helix structure from 20 to 23% was 
observed (Table 3.1). The increase in Į-helix structure was accompanied by a tendency to 
decrease ȕ-strand structure (26 to 24%). This transition from native ȕ-structure to non-native 
Į-helical structure suggests protein unfolding (Kasinos et al., 2013) as a consequence of 
protein-lipid interaction (Zhang & Keiderling, 2006). It is known that at acid pH globular 
protein becomes partially unfolded, a conformational state that favors the occurrence of 
hydrophobic interactions between protein and the SL phospholipids (Moreno, Mackie, & 
Mills, 2005). In general, ionic surfactants induce initial denaturation of proteins through 
charge interactions which are further complemented by hydrophobic interactions that present 
a fundamental role behind amyloid structure induction (Javed Masood Khan et al., 2012; 
Kumar, Qumar, & Prabhu, 2015). However, during heating the presence of SL did not affect 
significantly the protein secondary structure conformation (Table 3.1). 




Table 3.1 Secondary structures (%) of systems containing WPI (2% w/v) formed in the presence of SL at pH 2 (ȕ-sheet = ȕ-strand + ȕ-turn) 
 0% (w/v) SL  0.05% (w/v) SL 
Heating 
time (h) 
Į-helix  ȕ-strand  ȕ-turn   Unordered   Į-helix  ȕ-strand  ȕ-turn   Unordered  
0 20.4 ± 0.6 abB 26 ± 1 aA 20.6 ± 0.5 aA 32 ± 2 aA  23.4 ± 0.4 aA 24 ± 1 aA 21 ± 1 aA 32 ± 3 aA 
2 23 ± 1 aA 22 ± 2 abA 21 ± 1 aA 34 ± 3 aA  22.4 ± 0.7 aA 22 ± 1 aA 20 ± 2 aA 37 ± 3 aA 
4 21 ± 1 abA 21.4 ± 0.4 bA 19 ± 1 aA 38.9 ± 0.9 aA  20.5 ± 0.6 aA 21 ± 2 aA 19 ± 1 aA 40 ± 2 aA 
6 21 ± 2 abA 19 ± 2 abA 19 ± 2 aA 42 ± 3 aA  21 ± 1 aA 18 ± 3 aA 18 ± 2 aA 44 ± 7 aA 
9 22 ± 3 abA 20 ± 2 abA 20.2 ± 0.9 aA 37 ± 7 aA  21 ± 2 aA 18 ± 3 aA 20 ± 2 aA 41 ± 7 aA 
20 18 ± 2 bA 16 ± 5 bA 17 ± 3 aA 47 ± 8 aA  21 ± 4 aA 15 ± 10 aA 20 ± 6 aA 45 ± 18 aA 
Different letters indicate statistical differences (p <0.05). Capital letters: the differences between the lecithin content for the same heating time. Small letters: 
differences within the same column at the same lecithin content. 
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3.3.4 Stability of whey protein-soybean lecithin nanofibrils against pH 
change  
The pH-stability of WPI fibrils was analyzed within a pH range between 3 and 7. 
For this purpose, the fibril morphology, ThT fluorescence, far-UV CD and SAXS profiles 
were evaluated. 
3.3.4.1 Nanofibril morphology 
TEM micrographs were taken from nanofibrils containing a fixed content of WPI 
(2% w/v) added of SL (0-0.05%) after pH readjustment from 2 to 3, 5 and 7. The results are 
presented in  
Figure 3.7. Linear and long fibrils were observed in the micrographs at pH 3 of 
WPI solution and in the presence of 0.05% SL (below CMC). At pH 3 the electrostatic 
attraction between whey protein and SL was favored due to the higher magnitude of SL zeta 
potential when compared to that observed at pH 2. However, the formation of protein-SL 
electrostatic complexes did not affect significantly the fibril morphology. Increasing the pH 
value from 3 to 5, big and closed aggregates of fibrils were observed independent of the 
system composition. The fibrils were supposed to aggregate since their net surface charge 
density was close to zero at pH 5 (§pI). Weaker repulsion forces due to the low surface charge 
density of fibrils at pH 5 (around protein pI) could lead to their proximity, allowing more 
hydrophobic interactions and the formation of big aggregates. Different from that occurred 
with fibrils at pH 5, the repulsion forces became stronger at pH 7 due to the increase of 
surface charge density magnitude. However, this further pH readjustment to 7 led to the 
formation of shorter fibrils and more opened aggregates, mainly in the presence of SL. Others 
studies have reported that fibrils can aggregate and collapse in the critical pH region near the 
protein pI (Jung & Mezzenga, 2010; Kroes-Nijboer, et al., 2012) which could explain the 
reduction of fibril length at pH 7. The small spherical aggregates that could be visualized 
mainly in the absence of SL at higher pH values could be attributed to presence of the non-
fibril peptides corresponding to about 40% of peptides produced from ȕ-lg during hydrolysis 
(Kroes-Nijboer, et al., 2012), besides Į-la and BSA protein fractions.  
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Figure 3.7 TEM pictures of nanofibrils containing 2% (w/v) protein and different SL 
concentrations at pH 3, 5 and 7. Scale bars represent 0.5 ȝm. 
3.3.4.2 SAXS measurements 
Figure 3.8 shows the SAXS profiles obtained at different SL concentrations (0-
0.05%) and pH values (3-7). The slope of the SAXS profile at low q-values (Guinier region) 
can supply information about the form and structure of nanofibrils. The profiles at pH values 
far from the protein pI presented a slope of ~q-1 which characterizes a rod-like particle as can 
be seen in the Figure 3.8. At pH 5 (§pI), the magnitude of the slope at low q-values was 
higher than 2, indicating that the particle is higher than the resolution limit. In this way, it was 
not possible to characterize the form of this structure. This limitation could be related to the 
formation of big aggregates of fibrils at pH 5 as can be seen in the micrographs (Figure 3.7). 
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Figure 3.8 (A) Small angle X-ray scattering profiles of 2% w/v whey protein systems added 
of different SL concentrations at different pH. pH: ( ) 3, ( ) 5 and ( ) 7. Black symbols: 0% 
SL. Grey symbols: 0.05% SL.   
3.3.4.3 ThT fluorescence 
The results of ThT assay as a function of pH for protein nanofibrils added of SL 
are shown in Figure 3.9. Increasing pH of the dispersions of fibrillar structures led to a 
decrease of ThT fluorescence intensity, illustrating a loss of ȕ-sheet strands or amyloid-like 
structures. Similar results were also reported for other types of fibrils (Munialo, Martin, van 
der Linden, & de Jongh, 2014) and could be associated to the partial disruption of the 
structure observed in the micrographs (Figure 3.7). A similar tendency of disruption of ȕ-
sheet fibrillar structures by increasing pH was observed for fibrils without or with SL 
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Figure 3.9 Normalized ThT fluorescence intensities of nanofibrils as a function of SL 
concentration at a WPI concentration of 2% (w/v). pH: ( ) 3, ( ) 5 and ( ) 7. 
3.3.4.4 Far-UV circular dichroism 
The changes that occurred in the secondary structure of fibrils in the presence and 
absence of SL at different pH values were investigated using far-UV CD spectroscopy in a 
wavelength range from 190 to 250 nm. The CD data is presented in Figure 3.10. At pH 3, the 
whey protein fibril without SL showed a minimum at 202 nm similar to the CD spectra 
observed at pH 2. That fibril showed a slight shift in the minimum ellipticity towards lower 
wavelengths, indicating an increase of random coil structures with increasing the pH value 
from 3 to 5. The random coil structures were the dominant conformation even after increasing 
the pH from 5 to 7. Mercadé-Prieto et al. (2007) have reported that increasing the pH of 
unheated ȕ-lg reduced the percentage of the organized structures, leading to the corresponding 
increase in the unstructured ones. On the other hand, the protein fibrils produced in the 
presence of SL did not present big differences in the secondary structure by increasing the pH 
value from 3 to 7. In this way, the fibrillar structures containing SL showed greater stability 
against pH change. This fact suggests that the presence of a protective lecithin layer reduced 
the protein susceptibility against pH change, increasing the fibril pH-stability. It could be 
related to the electrostatic complexes formation between SL and protein since both 
components are oppositely charged at pH 3 (below the protein pI). Jung, et al. (2008) 
attributed the improvement of pH-stability of ȕ-lg fibrils after SDS complexation to a 
protective ionic surfactant double layer around the protein aggregates. 
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Figure 3.10 Far-UV circular dichroism (CD) spectra of WPI solution (2% w/v) added of SL 
as a function of pH. SL concentration: (A) 0% and (B) 0.05%. pH: ( ) 3, ( ) 5 and 
( ) 7. 
3.3.5 Process variables changes aiming enhanced whey protein nanofibril 
formation 
Process variables such as pH (Serfert et al., 2014) and protein content (Arnaudov, 
de Vries, Ippel, & van Mierlo, 2003) can affect the fibril growth mechanism and its final 
conformation. Moreover, studies have also reported that different kinds of phospholipids 
interact with whey proteins differently (Kasinos, et al., 2013; Moreno, et al., 2005). In this 
way, it is worth studying the influence of pH, protein-lecithin ratio and phospholipids 
composition on the conformation of fibrils formed in the presence of lecithin. The results of 
ThT fluorescence intensity, microstructure and far-UV CD spectroscopy of fibrils formed 
changing pH, components composition and concentration are shown in Figure 3.11. Different 
phospholipids composition was evaluated by replacing SL rich in PC, a zwitterionic 
phospholipid (Zhang & Keiderling, 2006), by purified EL rich in PG, an anionic phospholipid 






pH 5 pH 5 
pH 7 
pH 3 
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Figure 3.11 (A) ThT fluorescence intensity after being normalized by the corresponding 
value at 20 h. ( )  W2 -  pH 2,   ( ) W2 SL0.05 - pH 2, ( ) W2 SL0.05 - pH 3, ( ) W0.5 
SL0.05 - pH 2 and ( ) W2 EL0.05 - pH 2. (B) TEM picture of fibrils containing: (I) W2 
SL0.05 - pH 3, (II) W0.5 SL0.05 - pH 2 and (III) W2 EL0.025 - pH 2. (C) Ratio of Į-helix 
and ȕ-sheet fractions. Heating time: ( ) 0 and ( ) 20 hours.  
All the conditions studied presented increase of fluorescence intensity  indicating 
the formation of ȕ-sheet fibrillar structures (Figure 3.11A). Similar to the results observed 
previously, all the systems showed no fluorescence before the heat treatment (0 h) and the 
increase of the ThT fluorescence intensity was observed mainly within 9 h of heat-treatment. 
Although the increase of pH did not affect the fibril formation rate when compared to fibrils 
formed at pH 2, the decrease of WPI content led to the increase of the fibril formation rate. 
However, an increased conversion of protein to amyloid-like structures would be expected 
upon longer heating times and for increased protein concentrations (Bolder, Vasbinder, Sagis, 
& van der Linden, 2007). Thus, this result could be attributed to the presence of a higher 
relative content of SL monomers to interact with the protein which led to a more favorable 
stoichiometric protein-lecithin ratio for fibril formation. On the other hand, the fibril 
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formation rate was lower in the presence of EL. The fibril formation for the different 
conditions studied was confirmed by TEM micrographs as can be seen in Figure 3.11B.  
The ratio of Į-helix and ȕ-sheet fractions obtained from the protein 
conformational analysis based on CD data are presented in Figure 3.11C. The results showed 
that increasing the pH, reducing the protein content or modifying the phospholipids 
composition resulted in increased ȕ-sheet fractions since lower Į-helix - ȕ-sheet ratios were 
observed after heating. In this case, an increase in the ȕ-sheet fraction was correlated with a 
decrease in Į-helix content. Surfactants are often used as denaturant agents since they can 
disturb the native conformation of proteins (Yagi, Ban, Morigaki, Naiki, & Goto, 2007). 
Moreover, proteins at pH below the protein pI acquire net positive charge and the electrostatic 
repulsion between them also leads to partial unfolding of the molecules, exposing 
hydrophobic groups. Inducing aggregation in such system requires neutralization of positively 
charged groups which involves electrostatic interactions. The hydrophobic regions of the 
surfactant and the protein become closer when there are electrostatic interactions between an 
anionic surfactant and the positively charged protein. As a result, water molecules wrapped 
around the protein molecule are repelled, leading to the induction of aggregates. Thus, 
electrostatic and hydrophobic interactions are responsible for the formation of protein fibrils 
(Javed Masood Khan, et al., 2012). SL became more negatively charged with increasing the 
pH value from 2 to 3 (Figure 3.3). Then, the presence of more charged surfactant monomers 
resulted in electrostatic interactions between ȕ-lg peptides and SL, favoring the formation of 
amyloid-like structures (Loureiro, et al., 2013). In a similar way, the results of far-UV CD 
suggest that the addition of EL favored the amyloid fibril formation due to the predominance 
of an anionic phospholipid in EL which led to enhanced lecithin-protein electrostatic 
interactions.  
3.4 Conclusion 
The influence of the addition of soybean lecithin, a negatively charged surfactant 
on whey protein fibril formation and their pH-stability was evaluated. Long, linear and 
isolated fibrils were observed only in the presence of soybean lecithin at a concentration 
below its CMC. For the fibril formation, the protein was hydrolyzed into peptides that became 
smaller after 9 h of heat treatment at acidic pH. Heat-induced hydrolysis kinetics showed that 
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treatment were not affected significantly by the soybean lecithin presence. On the other hand, 
a slight inhibitory effect was observed on fibril formation in the presence of soybean lecithin. 
Regarding the pH-stability evaluation, the secondary structure of the fibril formed in the 
presence of soybean lecithin presented a similar conformation even after increasing the pH 
from 3 to 7. Despite the small influence of soybean lecithin on the fibril formation and 
conformation, the fibril pH-stability was considerably improved when produced in the 
presence of this surfactant.  In this context, changes of process variables were carried out in 
order to enhance whey protein nanofibril formation in the presence of lecithin. The reduction 
of protein-lecithin ratio arises as an alternative to enhance fibril formation due to a more 
favorable stoichiometric protein-lecithin ratio. In addition, the increase of pH and the 
modification of phospholipids composition enhanced electrostatic interactions, favoring the 
amyloid-like structure formation. In conclusion, the presence of lecithin enhanced whey 
protein nanofibril formation besides decreasing the protein susceptibility to pH changes, 
broadening the potential application of nanofibrils as a food ingredient. 
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ABSTRACT 
Structural, physical and emulsifying properties of native (control) and whey protein (WP) 
fibrils were evaluated after using different mechanical processes or energy densities. Fibrils 
were prepared at pH 2 but the increase of pH to 7 led to the fibril aggregation. When 
subjected to mechanical processes, the increase in energy density led to fibril shortening and 
reduced aggregates of fibrils for systems at pH 2 and 7, respectively. Mechanical processes 
did not affect significantly the protein secondary structure conformation and interfacial 
tension. However, increasing fibril pH resulted in decreased surface hydrophobicity and 
interfacial tension and a loss of the secondary structure . Dispersions of native proteins 
showed Newtonian behavior while fibril dispersions showed shear-thinning (at both pH 
values) and thixotropic behavior (only at pH 7). Emulsions stabilized by fibrils at pH 2 
showed low kinetic stability but, different from control systems, they did not present further 
destabilization mechanism after the equilibrium creaming index was reached. Emulsions with 
fibrils at pH 7 showed no phase separation or a slower destabilization probably due to high 
viscosity and great decrease of interfacial tension, resulting in steric hindrance stabilization 
and faster migration of these fibrils to the interface when compared to fibrils at low pH. 
Therefore, modifying WP by mechanical processes resulted in varied emulsifying properties 
depending on the pH and protein conformation.  
 
Keywords: Whey protein; Self-assembly; Fibril; Emulsion; Ultrasound 




Amyloid fibrils are Ⱦ-sheet-rich and filamentous protein structures with reduced 
diameters (~10 nm) and lengths of the order of microns which leads to a typical high aspect 
ratio (length/ diameter) (Chiti and Dobson, 2006). Fibrils produced from globular proteins are 
of great interest for use in food and biomedical applications as well as in materials science 
(Jones and Mezzenga, 2012, Kroes-Nijboer et al., 2012). The wide range of potential 
applications of protein fibrils includes increasing viscosity and gelation ability mainly to be 
used stabilizing foams and emulsions (Rossier-Miranda et al., 2010), but these properties 
depend on the aspect ratio of the fibrils (Kroes-Nijboer et al., 2012). In general, fibrils for use 
in food products have been produced from proteins derived from different sources such as pea 
(Munialo et al., 2014), egg (Lara et al., 2012, Pearce et al., 2007), soy (Akkermans et al., 
2007, Tang and Wang, 2010), kidney bean (Tang et al., 2010) and whey (Loveday et al., 
2011, Loveday et al., 2012, Mantovani et al., 2016). Whey protein isolate (WPI) is a food 
ingredient highly relevant for the food industry which is widely used as emulsifying / 
stabilizing agent (Guzey and McClements, 2006, Walstra, 2003). ȕ-lactoglobulin (ȕ-lg) is the 
major protein fraction of WPI and only this protein can form fibrils among whey proteins by a 
simple process consisting of heating at high temperatures for several hours under strongly 
acidic conditions and low ionic strength (Bolder et al., 2006).  
Oil-in-water (O/W) emulsions are thermodynamically unstable systems, but their 
kinetic stability is reached by addition of emulsifying agents (McClements, 2005) and 
homogenization processes (Jafari et al., 2008). Different high-energy homogenization devices 
such as dispersing machines, high pressure homogenizers, microfluidizers and ultrasonic 
homogenizers are commonly used to produce food emulsions (Santana et al., 2013). WPI 
fibrils show a better emulsifying activity compared to native WPI since presents a highly 
elastic behaviour at O/W interface. However, a shortening of fibrils produced from WPI was 
observed after to be subjected to rotor–stator–dispersion and high pressure homogenization 
(Serfert et al., 2014). Low frequency high energy ultrasound also showed changes in protein 
technological functional properties after the homogenization process (O’Donnell et al., 2010).  
Modifications on the physicochemical properties of the ultrasound-treated protein 
molecules can be attributed to cavitation process that consists of a rapid formation and 
collapse of gas bubbles (O’Donnell et al., 2010). A significant reduction of protein particle 
size for whey protein concentrate and soy protein isolate after sonication has been observed 
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(Arzeni et al., 2012). The fibril size reduction may prevent the occurrence of bridging 
flocculation in fibril-stabilized emulsions, leading to a better covering efficiency around of 
small oil droplets (Serfert et al., 2014). Besides the application of mechanical forces, fibril 
shortening can be also reached by pH changes (Mantovani et al., 2016). Therefore, the 
knowledge of the combined influence of pH and ultrasound on the structural and functional 
properties of WPI amyloid fibrils is of great importance and essential to define its suitable 
application in food products. 
Thus, the present study aimed to investigate the effect of mechanical processes on 
the use of fibrils produced from whey protein as a primary emulsifier for production of oil-in-
water (O/W) emulsions. Investigations included the characterization of fibrillar systems in 
terms of morphology, secondary structure conformation, surface hydrophobicity, interfacial 
tension, rheology and emulsifying activity compared to native WPI. 
4.2 MATERIALS AND METHODS 
4.2.1 Materials  
Whey protein isolate (WPI) (protein content of 90.6 ± 0.5% w/w) was obtained 
from New Zealand Milk Products (ALACEN 895, Wellington, New Zealand). Other reagents 
of analytical grade were purchased from Sigma Aldrich Co. (St. Louis, USA). Soybean oil 
(Soya, Bunge Alimentos S.A., Gaspar, Brazil) was purchased in the local market. 
4.2.2 Fibril formation 
A WPI stock solution (2% w/w) was prepared by dissolving the protein powder in 
Milli-Q water using magnetic stirring at room temperature for 2 h, ensuring complete 
dissolution of the protein. The pH of protein solution was adjusted to pH 2 with 3 M HCl. 
Afterwards, the stock solution was filtered through 0.45 ȝm low-protein adsorbing filters 
(Millex-HV®, Millipore, Billerica, USA) and heat-treated at 80 ºC during 20 h under mild 
stirring. After the heat treatment, the systems were immediately cooled to room temperature 
using an ice bath. Then, the pH of part of the fibrillar  dispersion was adjusted to 7 using 2 M 
NaOH. WPI fibril dispersions (2% w/w) at pH 2 and 7 were then subjected to shearing in a 
rotor-stator homogenizer (SilentCrusher M, Heidolph, Schwabach, Germany) for 3 minutes at 
5,000 rpm. Afterwards, an ultrasonic processor (QR 750W, Ultronique, Campinas, Brazil) 
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with a 13 mm diameter probe of titanium was used to sonicate aqueous fibril dispersions. The 
power, frequency and sonication time were fixed at 300 W, 20 kHz and 3 minutes, 
respectively. The temperature of the samples was measured before and after sonication and 
did not exceed 30°C. The pH of the protein solutions was measured before and after 
sonication using a pH meter (Metrohm 827, Metrohm, Herisau, Switzerland). Fibril 
dispersions without mechanical treatment and subjected only to the first step in a rotor-stator 
were used as control, as well as non-heated WPI dispersions without mechanical treatment 
and subjected to the same mechanical processes conditions.  
4.2.3 Emulsion preparation 
The aqueous phase of oil-in-water (O/W) emulsions consisted of 2% w/w WPI 
fibril dispersion subjected to (i) shearing in a rotor-stator homogenizer and (ii) shearing in a 
rotor-stator homogenizer followed by sonication as previously described in section 2.2. Oil-
in-water (O/W) emulsions were prepared at 25 °C by homogenizing the soybean oil with the 
aqueous phase using a rotor-stator homogenizer (SilentCrusher M, Heidolph, Schwabach, 
Germany) for 3 minutes at 14,000 rpm. The oil content was fixed at 20% (v/v). The emulsions 
were evaluated by creaming stability, optical microscopy and mean droplet size. 
4.2.4 Whey protein fibril evaluation 
4.2.4.1 Transmission electron microscopy (TEM) 
Electron micrographs of WPI fibril dispersions were taken using a Libra 120 
transmission electron microscope (Carl Zeiss AG, Oberkochen, Germany) operating at 120 
kV equipped with an in-column OMEGA energy filter and a Olympus CCD camera 14 bits 
with 1376 x 1032 resolution. A droplet of the diluted sample was put onto a carbon support 
film on a copper grid. The excess was removed after 5 minutes with a filter paper. 
Afterwards, a droplet of uranyl acetate (2% w/v) was put onto the grid. After 1.5 minute the 
excess was removed again with a filter paper.  
4.2.4.2 Zeta potential  
WPI dispersions before (Control) and after heating (Fibril) were diluted in Milli-Q 
water (0.05% w/v) before being placed in the measuring chamber of microelectrophoresis 
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(Zetasizer Nano-ZS, Malvern Instruments Ltd., Malvern Hills, UK) in order to determine their 
surface electric charge density. The electrophoretic mobility measurement into zeta potential 
values was used converted using the Smoluchowski mathematical model. Samples were 
measured in triplicate at 25ºC. 
4.2.4.3 Far-UV circular dichroism (CD) 
Far-UV CD was used to investigate the secondary structure of protein dispersions 
before (Control) and after heating (Fibril). Far-UV CD spectra of 0.1 mg/mL protein 
dispersions were obtained and recorded at 25 ºC in the spectral range from 190 to 260 nm 
with a Jasco J-810 spectropolarimeter (Jasco Corp., Tokyo, Japan), using a quartz cuvette 
with an optical path of 0.1 cm. The spectral resolution was 0.5 nm, and the scan speed was 
100 nm/min, with a response time of 0.125 s at a bandwidth of 1 nm. Twenty scans were 
accumulated and averaged, and the spectra were corrected using a protein-free sample. The 
mean residue ellipticity [ș] (deg.cm2/dmol) was calculated as shown in Eq. 4.1. 
 
                                                       
 
where: șobs – observed ellipticity in degrees; MRW – mean residue molecular weight 
(molecular mass of the protein divided by the number of residues); l – optical pathlength in 
cm; c – protein concentration in g/ml. The mean residue weight of the whey protein isolate 
was estimated as 114, based on the molecular mass of the three major components: ȕ-lg, Į-
lactalbumin (Į-la), and BSA.  
4.2.4.4 ANS fluorescence 
WPI samples (3 ȝM) before (Control) and after heating (Fibril) were incubated at 
25 °C with a 50-fold molar excess of freshly prepared fluorescence probe 1-anililo-
naphthalene-8-sulfonate (ANS) for 60 min in the dark before the analysis. For the data 
acquisition, the excitation was fixed at 365 nm and the emission was collected between 400 
and 600 nm at 25 °C, using a 1-cm-path-length quartz cuvette (Stroylova et al., 2011). Spectra 
of ANS fluorescence were measured using a multiphase fluorometer (K2, ISS, Champaign, 
USA). Each sample was run in triplicate.  
>ș] = (șobs/10) × (MRW/lc) Eq. 4.1 
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4.2.4.5 Turbidity Measurements 
WPI dispersions (1% w/v) before (Control) and after heating (Fibril) at pH 2 and 
7 in the presence or not of SDS (5% w/v) were analyzed at 25 °C. The samples were allowed 
to react for 90 min at room temperature. Aggregation was estimated by turbidity 
measurements at 500 nm using an spectrophotometer (SP-220, Biospectro, Curitiba, Brazil). 
Means of absorbance were calculated from triplicate analyses, and absorbance of all protein-
free samples were measured and estimated as nil (Groleau et al., 2003). 
4.2.4.6 Rheological measurements 
Rheological measurements of WPI dispersions (2% w/v) before (Control) and 
after heating (Fibril) were performed using a stress-controlled rheometer (AR1500ex, TA 
Instruments, New Castle, USA). A double gap concentric cylinders (31.85 mm inner 
diameter, 35.01 mm outer diameter, 42.07 mm height) was used and flow curves were 
obtained within a shear rate range between 0–300 sí1 in upward-downward-upward ramps. 
Qualitative thixotropy was calculated as the area between the stress-strain curves 
corresponding to first upward and downward ramps. Data were fitted to the Power Law 
equation, obtaining the consistency (k) and behavior index (n). In addition, viscosity of the 
systems was evaluated at shear rate of 100 sí1, which is typical for food processes such as 
flowing through a pipe, stirring or mastication (Steffe, 1996). The degree of fit of each model 
was evaluated by the coefficient of determination (R2).  
4.2.4.7 Interfacial tension  
The interfacial tension was measured at 25 ºC using the pendant drop method in a 
Tracker-S tensiometer (Teclis, Longessaigne, France), in which the 2% (w/v) WPI dispersion 
before (Control) and after heating (Fibril) was injected into the oil phase. A syringe diameter 
of 3 mm was used and the drop volume was 9 ȝl. 
4.2.5 Emulsions evaluation 
4.2.5.1 Creaming stability 
Immediately after preparation, 25 mL of each emulsion was poured into a 
graduated cylindrical glass tube (internal diameter = 1.6 cm, height = 17 cm), sealed with a 
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plastic cap and stored at 25 °C for one week. The volume of the serum phase (H) was 
quantified and the creaming index (CI) was reported as CI (%) = (H / Ho) × 100, where Ho 
represents the initial height of the emulsion (Keowmaneechai and McClements, 2002). 
4.2.5.2 Confocal Laser Scanning Microscopy 
Confocal laser scanning microscopy was used to investigate microstructure of the 
WPI fibrils stabilized emulsions. WPI fibril dispersion was dyed with Rhodamine B (0.002% 
w/v) and then emulsions were prepared as described previously (section 2.3). Samples were 
examined using a Zeiss LSM780-NLO confocal microscope (Carl Zeiss AG, Oberkochen, 
Germany)  with a x100 objective lens. Images were collected using excitation and emission 
wavelengths of 543 and 626 nm, respectively, for Rhodamine B. 
4.2.5.3 Particle size distribution 
A laser diffraction equipment Mastersizer 2000 (Malvern Instruments Ltd., 
Malvern Hills, UK) was used to determine the droplet size distribution of emulsions 
immediately after preparation and after 7 days of storage. To avoid multiple scattering effects, 
the emulsions were diluted with deionized water. The Franhoufer approximation was used to 
calculate the particle size distribution of emulsions. Obscuration values ranged from 5% to 
10% and the refractive index of 1.33 was used for dispersed (water) phase. Each sample was 
measured in triplicate at 25ºC.  
4.2.6 Statistical analysis  
The experiments were carried out at least in duplicate and the results were 
reported as averages and standard deviations of these measurements. The results obtained 
were submitted to variance analysis (ANOVA) and Tukey's test was applied to evaluate 
significant differences between the mean values (p < 0.05). 




4.3.1 Changes on the physical and structural properties of whey protein 
fibrils induced by mechanical processes  
Fibrils produced at the same process conditions (pH 2, 80 ºC/ 20 h) were 
evaluated at pH 2 and after the pH readjustment to 7. The energy input using the different 
mechanical processes (rotor-stator or ultrasound) was calculated as (power × time)/volume 
(Karbstein and Schubert, 1995). The energy input during rotor–stator shearing was around 
3.5×104 kJ/m3, while the energy input using the ultrasonic treatment was 20-fold higher than 
this value being around 6.8×105  kJ/m3.  
4.3.1.1 Morphology 
TEM micrographs were taken from WPI nanofibrils at pH 2 and 7. The effect of 
mechanical processes on fibril morphology is shown in Figure 4.1. Linear and long fibrils 
were observed in the micrographs of WPI fibrils at pH 2 without mechanical treatment and 
after rotor-stator shearing. On the other hand, a significant fibril shortening occurred when 
these nanostructures were subjected to ultrasound-treatment. A higher content of small protein 
fragments could be visualized as well as a fibril aggregation different from that observed to 
the other systems at the same pH condition. The pH readjustment to 7 resulted in few intact 
long fibrils, besides leading to the formation of big aggregates formed by fibrils shorter than 
that observed at low pH. Other studies have attributed the fibril shortening to a collapse due to 
the aggregation process in the critical pH region near the protein isoelectric point (pI) (Jung 
and Mezzenga, 2010, Kroes-Nijboer et al., 2012), which is around 5 for whey proteins 
(Livney, 2010, Mantovani et al., 2016). Moreover, these fibrils are surrounded by a cloud of 
non-fibrillar small aggregates. Once again, the rotor-stator shearing did not affect 
significantly the fibril morphology unlike the ultrasound treatment. The latter process led to 
the reduction of fibril aggregate size. Furthermore, a great number of fibrillar fragments arose 
after sonication suggesting the almost complete fibril disruption.  
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Figure 4.1 TEM pictures of WPI nanofibrils at pH 2 and 7. Mechanical processes: (A and D) 
non-processed, (B and E) rotor-stator and (C and F) ultrasound. Scale bars represent 500 nm. 
4.3.1.2 Surface charge density 
The effect of mechanical processes on the pH and zeta potential of native 
(Control) and heat-treated (Fibril) WPI are shown in Table 4.1. The pH values of 2 and 7 
were studied. After 20 h of heating the pH increased from 2.28 to 2.59 which was also 
previously reported (Serfert et al., 2014). The mechanical processes did not affect 
significantly the final pH for both theoretical pH values and heating conditions. 
At pH 2, WPI systems showed highly positive surface charge density (> +20 mV), 
resulting from the protonated amino groups as the pH is below and away from the pI of the 
protein. However, after protein heating the magnitude of zeta potential increased considerably 
(around +40 mV) even showing pH value slightly higher compared to the control system at 
acidic pH. It is known that native whey proteins are compact globular proteins (de Wit, 1998). 
Thus, the zeta potential increase can be attributed to a greater exposure of charged groups due 
to protein unfolding and hydrolysis process caused by heating at very low pH. The absence of 
aggregates at pH 2 (Figure 4.1A-B) could be attributed to this high zeta potential value 
favoring the electrostatic repulsion between fibrils. On the other hand, the aggregation 
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observed at acidic pH for ultrasound-treated fibrils (Figure 4.1C) was probably due to the 
fibril collision caused by the much higher energy input during this mechanical process. The 
WPI surface charge density changed from positive to negative as the pH increased from 2 to 
7. At pH 7 (above protein pI), the zeta potential of control and fibril systems did not present 
significant differences. In general, the mechanical processes did not lead to changes of the 
surface charge density for both pH conditions.   
Table 4.1. Zeta potential (mV) and pH of WPI before (Control) and after heating (Fibril) 
treated at different mechanical processes 
Theoretical pH Process   pH 
Zeta potential 
(mV) 
Control 2 - 2.28 ± 0.03 aB +27 ± 3 aB 
Rotor-stator 2.29 ± 0.01 aB +28 ± 2 aB 
Ultrasound   2.29 ± 0.01 aB +25 ± 3 aB 
7 - 6.98 ± 0.05 aA - 29 ± 3 aB 
Rotor-stator 6.95 ± 0.00 aB - 29 ± 4 aA 
Ultrasound 6.97 ± 0.01 aA - 29 ± 5 aA 
Fibril 2 - 2.59 ± 0.01 aA +44 ± 3 aA 
Rotor-stator 2.59 ± 0.00 aA +45 ± 2 aA 
Ultrasound 2.57 ± 0.01 aA +41 ± 3 aA 
7 - 6.98 ± 0.03 aA - 21 ± 1 bA 
Rotor-stator 6.97 ± 0.00 aA - 25 ± 2 aA 
Ultrasound 6.87 ± 0.00 bB - 26 ± 3 aA 
(-) Without mechanical treatment 
Different letters indicate statistical differences (p <0.05). Capital letters: differences between control 
and fibrils for the same theoretical pH and mechanical process. Small letters: differences between 
mechanical processes for the same theoretical pH and heating. 
 
4.3.1.3  Far-UV circular dichroism 
The effect of mechanical processes on the secondary structure of native (Control) 
and heat-treated (Fibril) WPI at pH 2 and 7 was investigated using circular dichroism (CD) 
spectroscopy (Figure 4.2). WPI secondary structure showed a superposition of Į-helix, ȕ-
sheet and random coil contributions to the ellipticity. The native WPI solutions showed a 
broad depression with a minimum plateau from 206 nm to 222 nm and a zero crossing at 201 
nm, showing that Į-helices and ȕ-structures were the dominant secondary structure 
conformation. The E-lg is the main protein fraction of whey protein showing a secondary 
structure rich in E-sheet (Mercadé-Prieto et al., 2007). On the other hand, the secondary 
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structure of Į-la consists mainly of Į-helices despite of having some E-sheet (Chrysina et al., 
2000). The WPI heating at pH 2 led to lower zero crossing values indicating an unfolding of 
the protein secondary structure (Dunstan et al., 2009, Dave et al., 2014). At pH 2, the fibril 
formation led to a shift in the minimum ellipticity towards lower wavelengths, indicating an 
increased content of random coil structures. It is worth mentioning that the CD spectra 
correspond not only to fibril structures but also to non-fibril peptides produced from ȕ-lg 
during hydrolysis (Kroes-Nijboer et al., 2012), besides hydrolyzed Į-la and BSA (Mantovani 
et al., 2016) which cannot form amyloid-like structures. After increasing pH of control and 
fibril systems from 2 to 7, lower ellipticity values and a further shift in the minimum 
ellipticity and zero crossing towards lower wavelengths was observed, indicating a greater 
loss of protein secondary structure content. The pH increase of non-heated ȕ-lg decreases the 
organized structures content, indicating a corresponding increase in the unstructured ones 
(Mercadé-Prieto et al., 2007). The mechanical processes did not affect significantly the 
protein secondary structure conformation. 
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Figure 4.2 Far-UV circular dichroism (CD) spectra of WPI before (Control) and after heating 
(Fibril). (Grey lines) Control and (black lines) fibril. (A): pH 2 and (B): pH 7. Mechanical 
process: ( ) non-processed, ( ) rotor-stator and ( ) ultrasound 
4.3.1.4  ANS fluorescence and turbidity 
Surface hydrophobicity affects the protein affinity for the oil-water interface 
(Monahan et al., 1993). Measurements of ANS fluorescence and turbidity with SDS were 
carried out in order to understand the effect of pH and mechanical processes on the surface 
hydrophobicity of WPI fibrils.  
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4.3.1.4.1 ANS fluorescence 
An increase in fluorescence can be observed upon binding of ANS probe to 
accessible hydrophobic regions of proteins (Matulis et al., 1999, Alizadeh-Pasdar and Li-
Chan, 2000). Control and fibril systems at pH 2 showed higher fluorescence intensity values 
than systems at pH 7, suggesting a decrease of exposed hydrophobic groups content with 
increasing pH (Figure 4.3). Globular proteins at acidic pH become partially unfolded (Moreno 
et al., 2005) which could lead to higher fluorescence intensity values since hydrophobic 
groups become exposed. As can be seen in Table 4.1, WPI is positively charged at pH 2. 
Thus, the increased fluorescence intensity value at pH 2 could be a result of both electrostatic 
(binding with negatively charged ANS) and hydrophobic (unfolding) interactions (Alizadeh-
Pasdar and Li-Chan, 2000). WPI heating led to an increase of fluorescence intensity 
indicating that fibrils are more hydrophobic than non-heated WPI due to a greater exposure of 
hydrophobic groups after protein unfolding and hydrolysis. The mechanical processes 
affected significantly the ANS fluorescence of WPI fibrils. For fibrils at pH 2, the increase of 
the process energy led to a decrease of the fluorescence intensity value showing a tendency of 
decreasing surface hydrophobicity. The ultrasound-treated fibril dispersion at acidic pH 
presented fluorescence intensity value similar to that observed for its respective control 
system. The decrease of exposed hydrophobic groups after sonication indicates that the fibril 
aggregation  (Figure 4.1C) is probably due to hydrophobic interactions. On the other hand, 
fibrils at pH 7 presented higher fluorescence intensity values after subjected to mechanical 
processes indicating the exposure of hydrophobic groups, suggesting that WPI fibril 
aggregates were disrupted. This effect could be clearly visualized in the TEM micrograph of 
ultrasound-treated fibril dispersion at neutral pH (Figure 4.1F).  
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Figure 4.3 ANS fluorescence intensity at 480 nm of WPI dispersions before (Control) and 
after heating (Fibril). Mechanical process: ( ) non-processed, ( ) rotor-stator and ( ) 
ultrasound. 
4.3.1.4.2 Turbidity 
SDS is an anionic denaturing agent which can dissolve protein aggregates through 
destabilization of hydrophobic interactions and addition of negative charge to the protein. 
Figure 4.4 shows the turbidity measured in the non-heated (Control) and heat-treated (Fibril) 
WPI systems (1% w/v) as a function of pH and under different mechanical processes. Control 
systems showed very low turbidity regardless the pH as can be seen in Figure 4.4 and after 
SDS addition these values did not significantly change. These results indicate that protein 
aggregation was not favored before heating. Concerning WPI fibrils at pH 7, SDS decreased 
their turbidity indicating that the fibril aggregates were dissolved in SDS. It suggests that 
hydrophobic interactions played a significant role in fibril aggregates at neutral pH. During 
the pH readjustment from 2 to 7, weak repulsion forces due to the low surface charge density 
of fibrils at pH 5 (around protein pI) could lead to their proximity, favoring hydrophobic 
interactions and the formation of aggregates that remained after pH increasing to 7. 
Furthermore, aggregates of ultrasound-treated fibrils at neutral pH showed low impact of 
hydrophobic interactions which is in accordance with the smaller aggregates (Figure 4.1F) 
observed when compared to the other fibril dispersions at pH 7 (Figure 4.1D-E).  
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Figure 4.4 Turbidity (A500 nm) measured in WPI before (Control) and after heating (Fibril) 
(dispersions at 1% w/v) as a function of heating, pH and mechanical processes under 
denaturing agent (SDS) presence. SDS concentration: ( )  0% and  ( ) 5% w/v. NP = non-
processed, RS = rotor-stator and UT = ultrasound-treated. 
Fibril systems at pH 2 showed similar and low turbidity values and an important 
increase in turbidity was observed after SDS addition, except for ultrasound-treated fibril 
dispersion. Such effect indicates that hydrophobic interactions did not play a significant role 
between fibrils at acidic pH, which corroborated the absence of aggregated fibrils at pH 2 
(Figure 4.1A-B). In the absence of aggregated fibrils, hydrogen bonds are supposed to be 
predominant since such interactions are responsible for amyloid structure formation (Krebs et 
al., 2009, Booth et al., 1997). Therefore, these results suggest that hydrophobic groups were 
predominantly exposed in fibrils at pH 2 which characterizes a high surface hydrophobicity. 
This result confirms that the high ANS fluorescence observed at pH 2 was directly associated 
to the high content of exposed hydrophobic groups (Figure 4.2).  The turbidity increase at pH 
below the protein pI indicates that SDS addition induced fibril aggregation. It is worth 
mentioning that WPI and SDS are oppositely charged at this pH value. Thus, the electrostatic 
complexation between SDS molecules and long whey protein fibrils probably reduced the 
fibril surface charge density resulting in an electrostatic repulsion insufficient to avoid their 
aggregation through hydrophobic interactions. Specially for ultrasound-treated fibrils at pH 2, 
only a slight increase in turbidity was observed after dilution in SDS. Such a behavior could 
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be attributed to a balance between the turbidity increase due to electrostatic interactions with 
SDS and the turbidity decrease due to destabilization of hydrophobic interactions caused by 
mechanical forces. The indicative of occurrence of hydrophobic interactions corroborates the 
decrease of ANS fluorescence observed for ultrasound-treated fibrils at pH 2 (Figure 4.3).  
4.3.1.5 Rheology 
Flow curves of native (Control) and heat-treated (Fibril) WPI systems (Figure 4.3) 
were well fitted to the power law model equation (Table 4.2) (R2 > 0.996). The control 
systems showed Newtonian behavior and a viscosity value close to the water. These systems 
did not show significant differences between the viscosity regardless the pH or mechanical 
process. On the other hand, fibrils showed shear-thinning behavior that must be related to the 
presence of these nanostructures. The shear-thinning behavior could be attributed to 
disruption of aggregates and orientation of fibrils towards the flow direction by increasing the 
shear rate, resulting in the decrease of viscosity with the process velocity (McClements, 
2005). Only fibril dispersions at pH 7 were shear time-dependent showing thixotropic 
behavior probably due to the disruption of big aggregates of fibrils as can be seen in Figure 
4.1D-F. A more pronounced thixotropy was observed in systems subjected to a moderate 
mechanical process (rotor–stator device). For fibrils at pH 2, it can be observed that the 
consistency index (k) decreased with the increase of energy density applied in the mechanical 
process, whereas the values for the flow behavior index (n) increased, suggesting a decrease 
in viscosity and pseudoplasticity, respectively. This result could be related to fibril shortening 
due to mechanical processes which favored their orientation towards the flow direction by 
shear rate application. On the other hand, the n values  of fibrils at pH 7 showed a slight 
decrease after mechanical processes indicating an increase in the pseudoplasticity. Fibril 
viscosity at pH 7 increased after rotor-stator shearing and decreased after sonication when 
compared to the viscosity of fibrils before the mechanical processes. This is an indicative of 
aggregated fibril disruption under ultrasonic treatment confirmed by TEM micrographs 
(Figure 4.1E-F). Regarding initial fibrils (before mechanical process), the increase of pH led 
to the decrease of pseudoplasticity (higher n values) and lower k value. However, fibril 
dispersions after a moderate mechanical process (rotor-stator) showed increased 
pseudoplasticity (lower n values) and viscosity values with increasing pH. Thus, it is possible 
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to claim that the rheological behavior of WPI aqueous systems depended on heating, pH and 
mechanical processes intensity. 
 
Figure 4.5 Flow curves of WPI dispersions (2% w/v) before (Control) and after heating 
(Fibril) at pH (A) 2 and (B) 7. Control: ( ) non-processed, ( ) rotor-stator and ( ) 
ultrasound. Fibril: ( ) non-processed, ( ) rotor-stator and ( ) ultrasound. 






Table 4.2 Rheological parameters (n, k), viscosity (Ș) or apparent viscosity at 100s-1 (Ș100) and qualitative thixotropy values for the WPI 
dispersions before (Control) and after heating (Fibril) 
















- 1.14 aA 1.15 aA   0.59 cB 0.045 aA 6.73 aA 0.78 aA 0.019 bB 6.95 bA 47b 
Rotor-stator 1.15 aA 1.16 aA 0.64 bA 0.021 bB 4.05 bB 0.50 bB 0.089 aA 7.62 aA 144a 
Ultrasound 1.14 aA 1.16 aA   0.87 aA 0.003 cB 1.67 cB 0.65 bB 0.030 bA 5.69 cA 22c 
(-) Without mechanical treatment 
Different letters indicate statistical differences (p <0.05). Capital letters: the differences between the pH for the same heating and mechanical process. Small 
letters: differences within the same column. 
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4.3.1.6 Interfacial tension 
Addition of a surface activity compound reduces the interfacial tension between 
oil and aqueous phase by its diffusion and adsorption onto the droplet interface, decreasing 
thermodynamically unfavorable contact between oil and water (McClements, 2005). In 
general, heating and mechanical processes did not affect extensively interfacial tension of 
WPI systems (Figure 4.6). For fibrils at pH 2, the interfacial tension at equilibrium was higher 
with increasing the process energy density. The interfacial tension decreased with increasing 
pH and this effect was more pronounced for fibril dispersions than for control systems. 
However, a constant value of interfacial tension was achieved in a shorter time for WPI 
systems at pH 2. The lower initial interfacial tension values suggests that fibrils at pH 7 
presented higher mobility than fibrils at pH 2 (Ushikubo and Cunha, 2014). These results 
could be attributed to the more compact structure of aggregated fibrils at pH 7 (Figure 4.1D-
F) favoring their mobility when compared to long and separated fibrils at pH 2.  
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Figure 4.6 Interfacial tension at soybean oil-water interfaces with WPI dispersions (A) before 
(Control) and (B) after heating (Fibril) at different pH values and subjected to different 
mechanical processes. (Empty symbol) pH 2 and (full symbol) pH 7. Mechanical process: ( ) 
non-processed, ( ) rotor-stator and ( ) ultrasound. (C) Initial interfacial tension (Ȗi) and 
interfacial tension at equilibrium (Ȗe) values. 
4.3.2 Emulsifying properties of whey protein fibrils 
Oil-in-water emulsions stabilized by WPI control systems and fibril dispersions 
previously modified by mechanical processes or not were produced by rotor-stator shearing 
(14,000 rpm/ 3 minutes).    
4.3.2.1 Stability and microstructure  
The creaming index of emulsions after 7 days and during storage are shown in 
Figure 4.7. Emulsions stabilized by control systems or fibril dispersion at pH 2 presented 
similar equilibrium creaming index (> 70% v/v) (Figure 4.7A) which was reached in the first 
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day of storage, although the creaming process was faster for emulsion containing fibrils 
(Figure 4.7B). On the other hand, the stability of emulsions containing fibril dispersion at pH 
7 depended on the nanostructures produced after mechanical treatment (Figure 4.7C). 
Emulsions stabilized by non-processed fibrils at pH 7 did not show phase separation during 
storage while emulsions with fibrils subjected to rotor-stator-dispersion also showed good 
kinetic stability after 7 days (creaming index of 4% v/v). However, emulsions stabilized by 
ultrasound-treated fibrils at pH 7 showed phase separation, exhibiting almost 70% (v/v) of 
equilibrium creaming index in the first day of storage.  
Figure 4.7 (A) Equilibrium creaming index of emulsions after 7 days of storage. (B and C) 
Creaming stability of emulsions stabilized by WPI dispersions before (Control) and after 
heating (Fibril) at different pH values and subjected to different mechanical processes. (B) pH 
2 and (C) pH 7. ( ) Control - NP, ( ) control - RS, ( ) control - UT, ( ) fibril 
- NP, ( ) fibril - RS and ( ) fibril - UT. NP = non-processed, RS = rotor-stator and 
UT = ultrasound-treated.  
Figure 4.8 shows changes in emulsion droplet size distribution during 7 days of 
storage. The droplet size measurement of emulsions that showed phase separation during this 
period corresponds to the droplet size of the upper phase. WPI heating or fibril formation did 
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not affect significantly the droplet size distribution. Immediately after preparation, all 
emulsions showed a monomodal and highly polydisperse particle size distribution (10-100 
ȝm). However, a slight shoulder corresponding to oil droplet diameter between 1-10 ȝm was 
also observed. In general, emulsions stabilized by WPI control systems presented a shift of 
the droplet size distribution to higher diameters after 7 days indicating the occurrence of a 
destabilization process (coalescence or flocculation). In spite of presenting phase separation, 
the droplet size distribution of cream phase stabilized by fibrils at pH 2 did not show variation 
during the storage time. The opening of the protein structure promoted by heating contributed 
to the formation of a thicker protective layer on the O/W interface, avoiding the coalescence 
process (Kiokias and Bot, 2005) even in the presence of large oil droplets. A similar result 
was observed for emulsions stabilized by fibril dispersion at pH 7, except for emulsions with 
ultrasound-treated fibrils that presented an increase of bigger droplet content.  
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Figure 4.8 Effects of pH and mechanical processes on the droplet size distribution of the 
emulsions containing 20% (v/v) soybean oil and stabilized by WPI before (Control) and after 
heating (Fibril) at (A) pH 2 and (B) pH 7. Mechanical processes: (i and iv) non-processed, (ii 
and v) rotor-stator and (iii and vi) ultrasound. Storage time: ( ) 0 and ( ) 7 days. 
Figure 4.9 shows a CLSM image of WPI fibril-stabilized emulsions after 7 days 
of storage. The upper phase of emulsion with fibrils at pH 2 (Figure 4.9A) showed very close 
oil droplets, indicating the occurrence of flocculation process. Thus, the lower kinetic stability 
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of these emulsions could be related to a bridging flocculation process favored by the presence 
of long fibrils (Serfert et al., 2014). On the other hand, stable emulsion with fibrils at neutral 
pH (Figure 4.9B) presented dispersed oil droplets. Moreover, it was possible to visualize the 
aggregated fibrils that consisted of a physical barrier preventing the droplet coalescence or 
flocculation process.  
Figure 4.9 CLSM images of emulsions with 20% (v/v) of soybean oil stabilized by non-
processed WPI fibril dispersions after 7 days of storage. pH: (A) 2 and (B) 7. Scale bars 
represent 10 ȝm. 
All emulsions showed very large and polydisperse oil droplets immediately after 
preparation which could be attributed to the use of a moderate emulsification mechanical 
process (rotor–stator device). In general, WPI control systems resulted in less stable 
emulsions since droplets showed fast phase separation and droplet coalescence during storage. 
On the other hand, emulsions stabilized by fibrils at pH 2 showed the lowest kinetic stability 
in spite of the high zeta potential (Table 4.1) and high surface hydrophobicity (Figure 4.3 and 
Figure 4.4) which suggests that the fast phase separation was probably due to a bridging 
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flocculation process. Fibril dispersion at pH 2 presented higher interfacial tension values than 
the control system at this pH, indicating a lower mobility of this emulsifier. In this way, an 
insufficient oil droplets recovering and further destabilization mechanisms could be expected 
during storage. However, different from control systems no further destabilization mechanism 
was observed for these emulsions during storage after phase separation. Other studies have 
also reported improved fibril emulsifying activity when compared to native protein suggesting 
a Pickering type of droplet stabilization (Serfert et al., 2014). Although fibrils at pH 7 showed 
lower surface charge density and surface hydrophobicity than fibrils at pH 2, no phase 
separation was observed for emulsions stabilized by these nanostructures except for fibrils 
exposed to strong mechanical forces (ultrasound). This stability result is supported by the 
thixotropic behavior, higher viscosity of fibril dispersion at pH 7 (Table 4.2) and bigger 
decrease of interfacial tension (Figure 4.6B), resulting in faster migration of these fibrils to 
the O/W interface. Considering that such a behavior was not observed for ultrasound-treated 
fibrils, the improved stability is most likely the presence of big aggregates (Figure 4.1D-E) 
which led to a steric hindrance stabilization as can be seen in Figure 4.9B. Despite separating 
phases, the emulsion stabilized by ultrasound-treated fibrils at pH 7 showed slower phase 
separation (or better kinetic stability) than emulsions stabilized by control systems or fibrils at 
pH 2. 
4.4 CONCLUSION 
Long, linear and isolated fibrils were observed at pH 2 but the increase of pH to 7 
led to the fibril aggregation. When exposed to mechanical forces, the increase of energy 
density led to fibril shortening and reduced aggregates of fibrils for systems at pH 2 and 7, 
respectively. The rheological properties and surface hydrophobicity of fibril dispersions were 
directly affected by these changes in morphology. The control systems showed Newtonian 
behavior while fibrils showed shear-thinning behaviour. A thixotropic behaviour was 
observed only for fibrils at pH 7, being more important in the presence of large aggregates 
(non-processed and rotor-stator dispersed fibrils). The increase of fibril pH also resulted in a 
loss of secondary structure of the protein, reduction of surface hydrophobicity, decrease of 
interfacial tension and increase of dispersion viscosity. In general, the mechanical processes 
did not affect significantly the protein secondary structure conformation and interfacial 
tension. WPI control systems resulted in less stable emulsions that showed droplet 
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coalescence during storage. Although emulsion stabilized by fibrils at pH 2 had showed low 
kinetic stability, no further destabilization mechanism (associated to droplet size) was 
observed during storage after phase separation. Emulsions with fibrils at pH 7 showed good 
kinetic stability with no phase separation (non-processed fibrils) or a slower destabilization 
(rotor-stator and ultrasound treated fibrils) when compared to emulsions with fibrils at pH 2. 
The stability improvement was probably due to the high viscosity and great decrease of 
interfacial tension which resulted in steric hindrance stabilization and fast migration of these 
nanostructures to the interface. Thus, although the low pH contributes to the increase of 
surface hydrophobicity, improved emulsion stability using a moderate emulsification 
mechanical process was reached only after fibril aggregation at neutral pH. 
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ABSTRACT 
The effect of pH (3 and 7) and varied energy density of high-pressure homogenization process 
on the stability of oil-in-water (O/W) emulsions stabilized by whey protein fibrils was 
evaluated. Afterwards, a dynamic digestion model comprising the simulation of stomach, 
duodenum, jejunum and ileum, has been used to evaluate O/W emulsion behaviour under 
gastrointestinal (GI) conditions. The emulsions did not separate phases during the storage 
period (7 days). Emulsion with smaller droplet size were produced at acidic pH even using a 
lower energy density. The emulsion stabilized by whey protein fibrils was stable in the 
stomach but destabilized in the small intestine. In a similar way, whey protein fibril dispersion 
showed high resistance to proteolytic in vitro digestion by pepsin (gastric stage) but was more 
readily degraded by pancreatin (intestinal stage). This fact confirms the significant impact of 
the interface characteristics on the emulsion digestion. The percentage of free fatty acids 
(FFA) adsorbed in the small intestine (jejunum and ileum) was much lower than the total 
percentage of FFA released. Although a high amount of FFA was released, using WPI fibril 
as emulsifier resulted in relatively reduced absorption of calories in the small intestine. This 
work contributes to an improved understanding of how O/W emulsion stabilized by whey 
protein fibril as a primary emulsifier behave within the GI tract and this knowledge is 
fundamental to determine the final application of these system in food products. 
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5.1 INTRODUCTION 
Oil-in-water (O/W) emulsions have significant potential for encapsulation of 
lipophilic bioactive compounds in food products. However, these systems are 
thermodynamically unstable which can lead to phase separation. Emulsions can be kinetically 
stabilized with addition of emulsifying agents (McClements, 2005) and by homogenization 
processes at high pressures, which enable the formation of small droplet sizes (Jafari et al., 
2008). Whey proteins are widely used as emulsifying/ stabilizing agents (Guzey and 
McClements, 2006, Walstra, 2003) due to their ability to form a thick protective layer at the 
interface of oil droplets, increasing emulsion stability to the creaming process (Pugnaloni et 
al., 2004, Hu et al., 2003). Amyloid fibrils can be used as good gelling agents/thickeners and 
foam stabilisers because of their high length to width ratio (Loveday et al., 2009). The great 
interest in whey proteins for fibril formation is mainly associated to their high nutritional 
value, low cost and availability since whey is a byproduct of cheese production (Sasso et al., 
2014, McIntosh et al., 1998). Fibril potential as a new ingredient in food formulations is due 
to their robustness and rheological behaviour in solution (Loveday et al., 2011).  
Understanding physiological events such as the digestion process of fibrils during 
passage through stomach and intestine is of great importance for the application of amyloid 
fibrils in food formulations. In vitro digestion of fibrils produced from ȕ-lactoglobulin 
(Bateman et al., 2010) or whey protein isolate (Lassé et al., 2016) has been reported. 
However, it is important to evaluate the digestibility of these nanostructures when they are 
adsorbed onto the O/W interface since the digestion response depends on the nature of the 
food matrix (Pafumi et al., 2002). Thus, the interfacial characteristics of emulsions have a 
significant impact on their physicochemical stability within the simulated gastrointestinal 
tract.  
A great challenge in emulsion applications is its use as an encapsulation system, 
promoting the appropriate bioavailability of the lipid components. The lipolysis begins in the 
stomach at low acidic pH condition (around 2) which is ideal to gastric lipase activity. In this 
step, mainly free fatty acids and diacylglycerols are produced from the ingested 
triacylglycerol hydrolysis. The lipid hydrolysis occurred in the stomach facilitates the 
subsequent lipid hydrolysis in the duodenum by pancreatic lipase since it facilitates fat 
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emulsification and, consequently, the enzyme activity (Pafumi et al., 2002). Thus, lipid 
digestion process consists in an interfacial reaction since its occurrence depends on the lipase 
adsorption onto the oil droplet surface (Torcello-Gomez et al., 2011). Therefore, studying the 
response of the interfacial composition subjected to the gastrointestinal tract conditions is 
important for better control lipid bioavailability (Mun et al., 2007, McClements et al., 2007) 
and to define the final application of the encapsulation system.  
Therefore, this work aimed to study the influence of pH (3 and 7) and energy 
density of the high-pressure homogenization process on the stability of O/W emulsions 
stabilized by whey protein fibrils. Afterwards, a dynamic digestion model comprising the 
simulation of stomach, duodenum, jejunum and ileum, has been used to evaluate the 
behaviour of O/W emulsion under gastrointestinal conditions.  
5.2 MATERIALS AND METHODS 
5.2.1 Materials  
Soybean oil (Soya, Bunge Alimentos S.A., Gaspar, Brazil) was purchased in a 
local market in Campinas (Brazil). Whey protein isolate (WPI) (protein content of 90.6 ± 
0.5% w/w) was obtained from New Zealand Milk Products (ALACEN 895, Wellington, New 
Zealand). Pepsin from porcine gastric mucosa, lipase and pancreatin (8 x USP) from porcine 
pancreas, bile extract porcine and other reagents of analytical grade were purchased from 
Sigma-Aldrich (St. Louis, USA). Acetone was obtained from Fisher Chemical 
(Loughborough, UK) and sodium hydroxide and phenolphthalein from Panreac (Barcelona, 
Spain).  
5.2.2 Fibril formation  
The fibril formation was performed as described in a previous work (Mantovani et 
al., 2016b). A WPI stock solution (2% w/w) was prepared at room temperature by dissolving 
the protein powder in Milli-Q water and using magnetic stirring for 2 h to guarantee the 
complete dissolution of the protein. The protein solution pH was adjusted to pH 2 with 3 M 
HCl. Subsequently, the WPI stock solution was filtered through 0.45 ȝm low-protein 
adsorbing filters (Millex-HV®, Millipore, Billerica, USA) and heat-treated at 80 ºC during 20 
h under mild stirring. After heating, the system was immediately cooled to room temperature 
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using an ice bath. Afterwards, the fibrillar dispersion pH was adjusted to 3 and 7 using 2 M 
NaOH. 
5.2.3 Emulsion preparation 
The aqueous phase of oil-in-water (O/W) emulsions consisted of 2% (w/v) WPI 
fibril dispersion at pH 3 and 7. O/W emulsions were prepared at 25 ºC by homogenizing 
soybean oil with the aqueous phase using a rotor stator Ultra-Turrax (T 25, Ika-Werke, 
Staufen, Germany) at 14,000 rpm for 3 minutes followed by passage through a high-pressure 
homogenizer (Nano DeBEE, BEE International, South Easton, USA) at 3000 (P3) or 20000 
(P20) psi (20.7 or 137.9 MPa), for 1 (C1)  or  20  (C20) cycles. For all systems, the oil phase 
content was fixed at 30% (w/w). The energy density input during high-pressure 
homogenization of O/W emulsions stabilized by WPI fibrils was calculated as (power × 
time)/volume (Karbstein and Schubert, 1995). Emulsions were analysed for creaming stability 
and particle size distribution.  
5.2.4 In vitro digestion 
A dynamic in vitro system was used to evaluate the digestibility of two systems at 
pH 3: (i) 2% w/v WPI nanofibril dispersion and (ii) O/W emulsion stabilized by WPI 
nanofibrils prepared as previously described in section 2.3. A gastrointestinal model (Anexo 
I) constituted by four compartments (stomach, duodenum, jejunum and ileum) that simulated 
the main events occurred during digestion was used to perform this experiment as described 
by other authors (Pinheiro et al., 2016). Firstly, the sample (60 mL) was introduced into the 
dynamic gastrointestinal system (gastric compartment). The experiment lasted for a total of 5 
h, simulating average physiological conditions of gastrointestinal tract by the continuous 
addition of gastric, duodenal, jejunal and ileal secretions at pre-set flow rates of 0.33, 0.66, 
2.13 and 2.0 mL min-1, respectively. The gastric secretion consisted of a gastric electrolyte 
solution (NaCl 4.8 g/L, KCl 2.2 g/L, CaCl2 0.22 g/L and NaHCO3 1.5 g/L), pepsin (600 U/mL) 
and lipase (40 U/mL). The pH was controlled by secreting 1 M HCl to follow a predetermined 
curve (from 4.8 at t = 0 to 1.7 at t = 120 min). The duodenal secretion consisted of the small 
intestinal electrolyte solution (SIES) (NaCl 5 g/L, KCl 0.6 g/L, CaCl2 0.25 g/L) added to a 
mixture of 4% (w/v) porcine bile extract and 7% (w/v) pancreatin solution. The jejunal 
secretion fluid consisted of SIES containing 10% (v/v) porcine bile extract solution. The ileal 
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secretion fluid consisted of the SIES. In the different compartments simulating the intestinal 
digestion, the pH was controlled by the addition of 1 M NaHCO3 solution to set-points of 6.5, 
6.8 and 7.2 for simulated duodenum, jejunum and ileum, respectively. During in vitro 
digestion, samples were collected directly from the lumen of the different compartments, from 
the jejunal and ileal filtrates and from the ileal delivery. The fibril dispersion was analysed for 
morphology and electrophoresis and emulsion was analysed for size, microstructure and free 
fatty acids. The samples were tested in the dynamic gastrointestinal model in duplicate. 
5.2.5 Zeta potential  
The surface electric charge density of the fibril dispersion at pH 3 and 7 was 
determined before emulsion preparation. Immediately before being placed in the measuring 
chamber of microelectrophoresis (Zetasizer Nano-ZS, Malvern Instruments Ltd., Malvern 
Hills, UK), samples were diluted to a concentration of about 0.05% (w/v) in Milli-Q water. 
The Smoluchowski mathematical model was used to convert the electrophoretic mobility 
measurement into zeta potential values. Samples were measured in triplicate at 25ºC. 
5.2.6 Creaming stability 
The emulsion (25 mL) was poured into a graduated cylindrical glass tube (internal 
diameter = 25 mm, height = 95 mm) immediately after preparation. Afterwards, the tube was 
sealed with a plastic cap and stored at 25 °C. The emulsion phase separation was visually 
analyzed during 7 days. 
5.2.7 Transmission electron microscopy (TEM) 
The fibril formation was performed as described in a previous work (Mantovani et 
al., 2016b) with some modifications. A droplet of the diluted WPI fibril dispersions at 
different stages of digestion was put onto a carbon support film on a copper grid. The excess 
of water was removed using a filter paper. Subsequently, a droplet of 2% (w/v) uranyl acetate 
was put onto the grid and again removed with a filter paper. Electron micrographs were taken 
using a Libra 120 transmission electron microscope (Carl Zeiss AG, Oberkochen, Germany) 
for fibril characterization at pH 3 and 7 and a EM 902A transmission electron microscope 
(Carl Zeiss AG, Oberkochen, Germany) for fibrils at different stages of digestion. 
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5.2.8 Native polyacrilamide gel electrophoresis (Native-PAGE) 
WPI fibril dispersions at different stages of digestion were subjected to native-
PAGE, using a gel of 1.5 mm thickness with 10% acrylamide running gel and 5% stacking 
gel. A Mini-Protean electrophoresis system (Bio-Rad Laboratories, Hercules, USA) was used 
for the measurements at a constant voltage of 120 V. 
WPI fibril dispersions were diluted in ultrapure water (Direct-Q3, Millipore, 
USA) (2 mg protein/mL) and mixed at 1:1 ratio with an electrophoresis sample buffer 
(containing 50 mM Tris-HCl, 10% (v/v) glycerol, 0.1% (w/v) bromophenol blue). Then, 15 
Pg aliquots were loaded onto the polyacrilamide gels. After each run, the gels were 
immediately stained using 0.25% (w/v) Comassie Brilliant Blue for 2 hours and destained 
with a solution composed of ethanol/glacial acetic acid/water (4.5:1:4.5) for 3 hours with five 
changes.  
5.2.9 Optical microscopy 
Emulsions were evaluated at different stages of digestion. Samples were poured 
onto microscope slides, covered with glass cover slips and observed using a Carl Zeiss Model 
Axio Scope.A1 optical microscope (Zeiss, Germany). Objective lenses (40x) were used to 
visualize the microstructure of the emulsions. 
5.2.10 Particle size distribution (PSD) 
The particle size of the emulsions was measured after 2 days of storage and at 
different stages of digestion by dynamic light scattering (Zetasizer Nano ZS, Malvern 
Instruments, Worcestershire, UK). The PSD was presented as volume based size distribution.  
Mean droplet size was reported as average hydrodynamic diameter ( ), which 
was calculated according to Eq. 5.1. 
where xi is the fraction of a given particle i with a given scattering intensity and Di is the 
diameter of the particle i. The polydispersity index (PdI) was calculated from cumulant 
Eq. 5.1 
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analysis of the measured dynamic light scattering intensity autocorrelation function. Each 
sample was measured in triplicate at 25ºC.  
5.2.11 Free fatty acid release  
The amount of free fatty acids (FFA) released from WPI fibril-stabilized emulsion 
was measured by using a titration method (Pinsirodom, 2005) in order to determine the 
digestion activity. Acetone (10 mL) were added to a collected volume (5 mL) of jejunal 
filtrate, ileal filtrate and ileal delivery samples to quench the enzymes activity. Afterwards, 3 
drops of 1% (w/v) phenolphthalein were added to this mixture as an indicator. A direct 
titration with 0.1 M NaOH using a burette was performed. The percentage of free fatty acids 
released was calculated as described in Eq. 5.2 from the number of moles of NaOH added 
until the titration end point divided by the number of moles of FFA that could be produced 
from triglycerides if they were all digested (assuming 2 FFA produced per 1 triacylglycerol 
molecule) (Li et al., 2011). 
 where vNaOH is the volume of sodium hydroxide required to neutralize the FFA generated (in 
L), mNaOH is the molarity of the sodium hydroxide used (in mol/L), wlipids is the total weight of 
soybean oil initially present and Mlipid is the molecular weight of the soybean oil (based on 
their average fatty acid composition the molecular weight of soybean oil was considered to be 
873 g/mol). 
5.2.12 Statistical analysis  
The experiments were carried out at least in duplicate and the results were 
reported as averages and standard deviations of these measurements. The results obtained 
were submitted to variance analysis (ANOVA) and Tukey's test was applied to evaluate 
significant differences between the mean values (p < 0.05). 
Eq. 5.2 




5.3.1 Morphology and surface charge density of whey protein fibrils 
Fibrils produced at the same process conditions (pH 2, 80 ºC/ 20 h) were 
evaluated after pH readjustment from 2 to 3 and 7. WPI fibril dispersion showed high positive 
surface charge density at pH 3 (+49 ± 10 mV), resulting from the protonation of the amino 
groups as the pH is below and away from the isoelectric point WPI (pI§ 5). At pH 7 (above 
the pI), the zeta potential became negative and a lower absolute value was observed (-33 ± 7 
mV). TEM micrographs were taken from WPI nanofibrils at pH 3 and 7 and the micrographs 
are shown in Figure 5.1. Linear and long fibrils were observed in the micrographs at pH 3. 
The high zeta potential value at pH 3 resulted in electrostatic repulsion sufficient to maintain 
the nanostructures dispersed and isolated as can be seen in Figure 5.1A. Increasing the pH 
value from 3 to 7 led to the formation of shorter and aggregated fibrils. The reduction of 
fibrils length at pH 7 could be attributed to the fibril aggregation in the critical pH region near 
the protein pI  that contributes to their collapse (Jung and Mezzenga, 2010, Kroes-Nijboer et 
al., 2012).  
Figure 5.1 TEM micrographs of WPI fibrils at (A) pH 3 and (B) pH 7. Scale bar = 500 nm. 
5.3.2 Emulsion stability and microstructure 
A concentration of 2% (w/v) WPI was used to prepare the emulsions containing 
30% (w/w) soybean oil. The concentrations were defined according to a previous work that 
produced stable emulsions using these WPI and soybean oil concentrations (Mantovani et al., 
2013). 
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Table 5.1 shows the energy density input during high-pressure homogenization of 
O/W emulsions stabilized by WPI fibrils calculated for different homogenization pressures 
and number of homogenization cycles. Specially for high-pressure homogenization, the 
energy density corresponds exactly to the homogenization pressure for one homogenization 
cycle (Karbstein and Schubert, 1995). The time used for energy density calculation is directly 
related to the number of homogenization cycles. Thus, the energy input during high-pressure 
homogenization after twenty cycles was 20-fold higher than the energy density for one 
homogenization cycle at the same homogenization pressure. In this way, the energy density 
inherent to the homogenization process increased as following: P3C1 < P20C1 < P3C20 < P20C20. 
Table 5.1. Energy density input during high-pressure homogenization of emulsions 
containing 30% (v/v) soybean oil and WPI nanofibrils  
Emulsion Homogenization 
pressure (psi) 




P3C1 3000 1 2.1×104 
P3C20  20 4.1×105 
P20C1 20000 1 1.4×105 
P20C20  20 2.8×106 
  
All high-pressure homogenized emulsions showed no signs of phase separation 
into a top cream phase and a bottom serum phase in up to 7 days of storage. The particle size 
distribution (PSD) of emulsions as well as the mean hydrodynamic diameter and 
polydispersity index (PdI) of each peak are described in Figure 5.2. The PdI values range 
from 0 to 1 (Figure 5.2C) in which lower values indicate a more homogeneous PSD. The 
emulsions at pH 3 showed a monomodal PSD with average hydrodynamic diameter around 
770 nm and PdI around 0.3 (Figure 5.2A), except for the emulsion produced using the highest 
energy density (P20 C20). As can be seen in Figure 5.2A, P20C20 emulsion at pH 3 presented a 
shift of the droplet size distribution to higher diameters when compared to the emulsions 
homogenized at lower energy density. This shift resulted in a bimodal PSD with mean 
hydrodynamic diameters around 1000 and 200 nm for the peaks 1 and 2, respectively. The 
emulsions at pH 7 showed a bimodal PSD (Figure 5.2B). There was no significant (p > 0.05) 
change in the mean hydrodynamic diameters of the first and second peaks for the emulsions at 
pH 7 and the P20C20 emulsion at pH 3. At pH 3, a considerable increase in energy density did 
not affect significantly the droplet size distribution but much higher energy density resulted in 
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bigger oil droplet size. Different from emulsions at pH 3, the increase of energy density led to 
a decrease in the area of the first peak (bigger particles) and a corresponding increase in the 
area of the second peak (smaller particles) for emulsions at pH 7. However, a further increase 
in energy density did not affect the droplet size distribution at neutral pH.   
Figure 5.2 Effects of pH, homogenization pressure and number of homogenization cycles on 
the droplet size distribution of the emulsions containing 30% (v/v) soybean oil and stabilized 
by WPI fibrils at (A) pH 3 and (B) pH 7. ( )  P3 C1,  ( )  P3 C20,  ( )  P20 C1 and 
( )  P20 C20. (C) Average hydrodynamic diameter ( ) and polydispersity index (PdI) 
values. 
Despite the changes in size distribution (number of peaks), the PSD width was not 
significantly affected by the pH and energy density and varied from 80 to 2000 nm. On the 
other hand, the results showed that the average hydrodynamic diameter was highly pH-
dependent. In general, the emulsions stabilized by fibrils at pH 3 presented smaller oil 
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droplets than emulsions stabilized by fibrils at neutral pH. The higher energy supplied during 
high pressure homogenization leads to enhanced collision frequency between the droplets 
(Jafari et al., 2008), favouring the flocculation or coalescence process. The lower absolute 
value of WPI fibril zeta potential at pH 7 resulted in electrostatic repulsion insufficient to 
avoid the occurrence of these processes. Moreover, fibrils remain aggregated likely by 
hydrophobic interactions at neutral pH as can be seen in Figure 5.1B. In this way, the increase 
of the mean droplet size could also be attributed to the higher thickness of the protein layer 
adsorbed on the interface (Mantovani et al., 2016a).   
5.3.3 In vitro digestion 
The simulated digestion was performed only to the WPI nanofibril dispersion and 
to the emulsion stabilized by fibrils at pH 3 and homogenized at 3000 psi for 1 cycle, since 
this emulsion showed smaller oil droplets even when the lowest energy density was applied. 
Samples at different stages of the simulated digestion process which were namely initial 
(before digestion), stomach, duodenum, jejunum and ileum were evaluated. 
5.3.3.1 Whey protein nanofibril dispersion 
Initially, the in vitro digestibility of WPI nanofibril dispersion was evaluated 
through TEM microscopy (Figure 5.3) and native polyacrylamide gel electrophoresis (Native-
PAGE) (Figure 5.4). Before simulated digestion (Figure 5.3i), long and linear fibrils were 
observed. During simulated digestion, the fibrils presented similar morphology only after the 
addition of simulated gastric fluid (Figure 5.3ii). The presence of WPI amyloid-like structures 
indicates that these materials showed a significant resistance under acidic conditions, high 
ionic strength and pepsin addition. On the other hand, after simulated intestinal fluids addition 
(Figure 5.3iii-v), large protein aggregates were visualized instead of fibrillar nanostructures. 
During the pH readjustment from 2 (stomach pH) to 7 (intestine pH), weaker repulsion forces, 
due to the low surface charge density of fibrils at pH 5 (around WPI pI) (Livney, 2010, 
Mantovani et al., 2016b), could lead to their proximity, favoring hydrophobic interactions and 
the formation of aggregates that remained after the increase of pH to 7.  
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Figure 5.3 TEM micrographs of WPI fibrils at various stages of in vitro digestion: (i) initial 
emulsion (before in vitro digestion), (ii) stomach, (iii) duodenum, (iv) jejunal filtrate and (v) 
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Figure 5.4 Native-PAGE electrophoretograms for WPI fibril dispersion at various stages of in 
vitro digestion: (1) initial emulsion (before in vitro digestion), (2) stomach, (3) duodenum, (4) 
jejunal filtrate, (5) ileal filtrate and (6) ileal delivery. Lane (M) commercial molecular weight 
marker.  
In lane 1 of Figure 5.4, the native-PAGE profile of initial WPI fibrils presented 
band scattering that can be related to aggregation of the nanostructures. The low surface 
charge density of fibrils at pH 6 (near the WPI pI) probably led to aggregation process by 
hydrophobic interactions (Madalena et al., 2016, Mantovani et al., 2016b). In lane 2 (Figure 
5.4), smears remained in the native-PAGE profile after simulated gastric fluid addition. 
Previous work reported that the electrophoretic profile of a control sample of gastric secretion 
analyzed under similar conditions consisted of four bands: two bands around 150 kDa, one 
band between 30 and 40 kDa and one band between 20 and 30 kDa (Madalena et al., 2016). 
Thus, this may indicate that WPI nanofibrils were resistant to proteolysis and severe pH 
conditions of the simulated gastric digestion. After simulated intestinal fluid addition (lanes 3 
to 6), the typical electrophoretic profile of WPI fibrils was not observed. The electrophoretic 
profiles in lanes 3 to 6 were similar to that the ones observed by other authors for a control 
sample of gastric and duodenal secretion (Madalena et al., 2016). These results indicate that 
the initial fibrillar nanostructures disappeared during intestinal digestion (Figure 5.4), which 
is in accordance with the TEM results (Figure 5.3iii-v). Other studies have reported that the 
increase of WPI fibril pH from 3 to 7 can result in a loss of amyloid-like structures (Munialo 
et al., 2014, Mantovani et al., 2016b). Also, previous findings showed that WPI fibrils 
presented varied protease resistance depending on the proteolytic enzyme, being more 
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susceptible to pancreatin than to pepsin degradation (Lassé et al., 2016). Thus, the changes in 
electrophoretic profile after simulated intestinal fluid addition indicate that the peptides in the 
fibrils were digested to smaller peptides by pancreatin.  
5.3.3.2 Emulsion stabilized by whey protein nanofibrils 
The optical microscopy (Figure 5.5) and droplet size distribution (Figure 5.6) of 
the WPI fibril-stabilized emulsion after the steps of gastric and intestinal in vitro digestion 
were evaluated. The droplet size distribution of the emulsion obtained using dynamic light 
scattering (DLS) showed that the initial emulsion showed a monomodal distribution with a 
main peak centred around 770 nm. The initial emulsion presented a polydisperse aspect with 
individual droplets evenly distributed (Figure 5.5i) which corroborates its PdI (around 0.3). 
The addition of simulated gastric fluid resulted in slight PSD changes as can be seen in Figure 
5.6A. These minor modifications led to a bimodal droplet size distribution with the 
appearance of a very small second peak in the region of 135 nm (peak 2) due to the PSD shift 
towards bigger hydrodynamic diameters (peak 1). However, the average hydrodynamic 
diameter of the first peak after gastric fluid addition did not differ significantly (p > 0.05) 
from average hydrodynamic diameter of the initial emulsion. The increase in droplet size 
suggests the occurrence of droplet aggregation, coalescence or flocculation due to the action 
of digestive enzymes as well as changes in pH and ionic strength (Pinheiro et al., 2013). The 
microstruture of emulsion after simulated gastric fluid addition (Figure 5.5ii) showed a 
polydisperse aspect with individual droplets evenly distributed, being quite similar to that 
observed for initial emulsion. This result confirms the slight changes observed in the results 
of droplet size distribution (Figure 5.6). As previously described, a similar behavior was also 
observed for fibril dispersion before digestion and after simulated gastric step. The fibril 
resistance to simulated gastric digestion (Figure 5.3ii and Figure 5.4) probably kept the O/W 
interface intact, enhancing the emulsion stability under this adverse environmental conditions.  
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Figure 5.5 Optical microscopy and droplet size distribution of emulsion stabilized by WPI 
fibrils at pH 3 (scale bar = 50 ȝm) as it passes through the dynamic in vitro digestion model: 
(i) initial emulsion (before in vitro digestion), (ii) stomach, (iii) duodenum, (iv) jejunal 
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Figure 5.6 (A) Droplet size distribution of the emulsion containing 30% (v/v) soybean oil and 
stabilized by 2% (w/v) WPI fibrils at pH 3 at various stages of in vitro digestion: ( ) initial 
emulsion (before in vitro digestion), ( ) stomach, ( ) duodenum, ( ) jejunal filtrate, ( ) ileal 
filtrate. (B) Average hydrodynamic diameter ( ) and polydispersity index (PdI) values. 
The addition of simulated intestinal fluids resulted in a bimodal distribution with 
an increase of the area of the second peak (smaller particles) and a corresponding decrease of 
the area of the first peak (bigger particles), except for ileal filtrate. In the latter case, the 
droplet size distribution was bimodal with a very small second peak in the region of 200 nm 
and a much bigger first peak in the region of 1300 nm. As expected, ileal delivery (i.e. 
fraction that is not adsorbed in the small intestine) exhibited higher particle sizes compared to 
jejunal and ileal filtrates (i.e. the fractions absorbed at jejunum and ileum compartments, 
respectively). In this way, the DLS technique was not suitable for the measurement of particle 
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diameter of the ileal delivery sample, due to its size limitation: it is suitable for the 
measurement of particle diameters up to few microns (10 µm) (Pinheiro et al., 2013). Thus, 
the droplet size distribution of ileal delivery sample was not shown. After simulated intestinal 
fluids addition, a much lower content of bigger oil droplets can be observed in micrographs of 
duodenum stage (Figure 5.5iii). The emulsion destabilization could be related to the 
weakening of O/W interface due to fibrillar nanostructures destabilization (Figure 5.3iii-v) 
which favored the displacement of fibrils at the O/W interface by bile salts contained in the 
simulated intestinal fluids. The oil droplets were not visualized in micrographs of jejunal and 
ileal filtrates (Figure 5.5iv-v). Bile salts facilitate the solubilisation of highly lipophilic 
digestion products such as FFA into mixed micelles (bile salt/phospholipid micelles) (Small et 
al., 1984). After the incorporation of lipid digestion products into the mixed micelles, these 
compounds can be transported to the enterocyte surfaces where they are absorbed from the 
small intestine into the bloodstream (McClements and Xiao, 2012). Thus, the second peak 
§200 nm) of the duodenal sample PSD can be attributed to the formation of mixed micelles 
that were supposed to cross the simulated intestinal barrier, unlike bigger oil droplets. This 
result would explain the appearance of a second peak in a similar region of hydrodynamic 
diameter in the jejunal filtrate (Figure 5.6) as well as the absence of oil droplets in the 
micrograph (Figure 5.5iv). On the other hand, big droplets can be seen in ileal delivery, 
suggesting that remained droplets would be eliminated by the gastrointestinal tract according 
to this simulated in vitro digestion. Bile salts present low hydrophilic-lipophilic balance 
(HLB) number being ineffective by stabilizing oil-in-water emulsions against coalescence 
(Mun et al., 2007).  
5.3.3.2.1 Free fatty acid release 
The rate of fat digestibility is controlled by surface accessibility, which is 
determined by surfactant chemistry and mainly the emulsion interfacial area (Golding et al., 
2011). A measure of digestibility is the production of free fatty acids (FFA). It allows to 
determine the capability of these systems to protect the emulsified lipid against lipolysis. 
Figure 5.7 shows the results for the production of FFA during the simulated intestinal 
digestion of WPI fibril-stabilized emulsions. The emulsion showed an increased amount of 
FFA production along the simulated intestinal digestion. This result indicates that the 
interfacial weakening could be due to binding of bile salts. The displacement of fibrils by bile 
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salts favoured the binding of lipase, enabling lipolysis (Hur et al., 2009). The percentage of 
FFA adsorbed in the small intestine (jejunum and ileum) (43 ± 7%) is much lower than the 
total percentage of FFA released (102 ± 6%). Nowadays, there is a great concern that 
excessive consumption of fat-rich products is resulting in increased chronic human disease 
occurrence (e.g., obesity, coronary heart disease, and diabetes). Consequently, trying to 
develop reduced fat products with acceptable physicochemical and sensory properties is often 
challenging because of the multiple roles that fat droplets play in determining the overall 
quality of food products (e.g., optical properties, texture, flavor profile and satiety) 
(McClements, 2005, Chung et al., 2016). Multilayer coatings can be designed to reduce the 
caloric content of foods by preventing lipases from accessing encapsulated lipids 
(McClements, 2010). Other authors have reported that nanoemulsion stabilized by lactoferrin 
(primary emulsion) presented a high percentage of FFA absorbed in the small intestine (64 ± 
6%) (Pinheiro et al., 2016). This value was reduced by the addition of an alginate coating 
(secondary emulsion) to 54 ± 11%. Only after the addition of a second biopolymer layer, the 
FFA absorbed result was similar to that one obtained for WPI fibril-stabilized emulsion. Thus, 
the WPI fibril-stabilized emulsion has significant potential for being applied as a primary 
emulsion to develop a multilayer emulsion aiming to reduce the absorption of calories in the 
gastrointestinal tract maintaining good sensory acceptability. In this case, reducing calorie 
absorption in the gastrointestinal tract arises as an alternative to reducing the fat content. 
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Figure 5.7 Percentage of free fatty acids (FFA) released from WPI fibrils-stabilized emulsion 
as it passes through the dynamic in vitro digestion model. 
5.4 CONCLUSION 
High-pressure homogenized emulsions containing WPI fibrils were stable during 
the storage period. The droplet size distribution of the emulsions was pH-dependent and 
smaller droplet size were obtained at acidic pH independent of the energy density of the 
homogenization process. 
Concerning the in vitro digestion response using a dynamic digestion model, the 
WPI fibril-stabilized emulsion was stable in the stomach but destabilized in the small 
intestine. The physicochemical stability of the WPI fibril dispersion within the simulated 
gastrointestinal tract was similar to that observed for the emulsion. This fact confirms the 
significant impact of the interface characteristics on the emulsion digestion. Although a high 
amount of FFA was released, using WPI fibril as emulsifier resulted in reduced absorption of 
calories in the small intestine. It is worth mentioning that it does not prevent the adsorption of 
lipase to the lipid droplet and their consequent digestion. 
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6 DISCUSSÃO GERAL  
Estudos anteriores observaram que promover modificações em fibrilas proteicas 
através da adição de um segundo componente como um surfactante aniônico (Jung et al., 
2008) ou um açúcar redutor (Liu e Zhong, 2013) ou pela aplicação de forças mecânicas 
(Serfert et al., 2014) pode afetar a estabilidade destas nanoestruturas frente ao pH, além de 
suas propriedades emulsificantes. Assim, a modificação de fibrilas de proteínas do soro por 
diferentes métodos (interação com surfactante ou tratamento mecânico) para posterior 
utilização na estabilização de emulsões alimentícias foi avaliada. 
O efeito da adição de lecitina de soja, um surfactante natural carregado 
negativamente, na formação de fibrilas de proteínas de soro de leite e sua estabilidade frente 
ao pH (3-7) foi avaliado. Somente na ausência de lecitina ou em concentrações abaixo da sua 
concentração micelar crítica, longas fibrilas não agregadas foram formadas. A taxa de 
formação de fibrilas e a conformação da estrutura secundária da proteína durante o tratamento 
térmico não foi afetada significativamente pela presença de lecitina de soja, porém um leve 
efeito inibitório foi observado na presença do surfactante. Apesar da pequena influência da 
lecitina de soja na formação das fibrilas, a estabilidade das mesmas frente a alterações de pH 
foi consideravelmente melhorada quando produzidas na presença deste agente surfactante. 
Além disso, o aumento do pH resultou em encurtamento e agregação das fibrilas. Dentro 
desse contexto, alterações das variáveis de processo definidas com base em estudos anteriores 
(Serfert et al., 2014, Arnaudov et al., 2003, Kasinos et al., 2013, Moreno et al., 2005) foram 
realizadas a fim de maximizar a produção de nanofibrilas de proteína do soro de leite na 
presença de lecitina. Os resultados mostraram que a redução da razão proteína-lecitina 
aumentou a produção de fibrilas devido a uma razão estequiométrica lecitina-proteína mais 
favorável. Além disso, o aumento do pH e a modificação da composição de fosfolipídios 
favoreceram a ocorrência de interações eletrostáticas e, consequentemente, a formação de 
fibrilas amilóides. Assim, a presença de lecitina aumentou a produção de nanofibrilas de 
proteínas do soro do leite, além de diminuir a susceptibilidade da proteína a alterações de pH, 
ampliando seu potencial para aplicação como um ingrediente em produtos alimentícios. 
O efeito das modificações de fibrilas de proteínas do soro nativa e na forma 
fibrilar utilizando processos mecânicos com diferentes valores de densidade energética nas 
suas propriedades estruturais, físicas e emulsificantes foi estudado. As condições de pH (2 e 
7) estudadas nesta etapa foram definidas de acordo com os resultados obtidos no estudo 
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anterior que indicaram dependência do comprimento das fibrilas frente a alterações de pH. 
Emulsões O/A estabilizadas por fibrilas foram produzidas por homogeneização em rotor-
estator, um processo de emulsificação de intensidade moderada, pois a utilização de um 
processo de emulsificação mais intenso poderia mascarar o efeito do processo mecânico nas 
propriedades emulsificantes das fibrilas devido à contribuição significativa da redução das 
gotas de óleo no alcance da estabilidade cinética das emulsões (de Figueiredo Furtado et al., 
2017). Emulsões estabilizadas pela proteína nativa foram menos estáveis, apresentando 
coalescência das gotas durante o armazenamento. Emulsões estabilizadas por fibrilas em pH 2 
separaram de fases rapidamente apesar dos maiores valores de potencial zeta e 
hidrofobicidade superficial, sugerindo um processo de desestabilização devido à floculação 
por ponte (Serfert et al., 2014). Porém, nenhum outro mecanismo de desestabilização 
associado ao tamanho de gota foi observado durante o armazenamento após a separação de 
fases provavelmente devido à formação de uma camada protetora mais espessa sobre a 
interface O/A devido ao desdobramento da estrutura proteica promovida pelo aquecimento 
(Kiokias e Bot, 2005). Emulsões estabilizadas por fibrilas em pH 7 apresentaram maior 
estabilidade cinética, o que foi atribuído ao comportamento tixotrópico e aos menores valores 
de tensão interfacial quando comparados às fibrilas em pH 2. Fibrilas em pH 7 submetidas a 
processos mecânicos mais fortes resultaram em emulsão menos estável quando comparada às 
demais emulsões contendo fibrilas em condição similar de pH. Portanto, embora o pH ácido 
tenha resultado em fibrilas com maior hidrofobicidade superficial, a melhoria da estabilidade 
da emulsão utilizando um processo de emulsificação moderado foi alcançada apenas em pH 
neutro, condição que favoreceu a agregação das fibrilas.  
A influência do pH (pH 3 e 7) e de diferentes valores de densidade energética 
(2.1×104 a 2.8×106 kJ/m3) aplicada durante o processo de homogeneização a alta pressão na 
estabilidade de emulsões estabilizadas por fibrilas de proteínas do soro foi avaliada. As 
emulsões estabilizadas por fibrilas de proteínas do soro homogeneizadas a alta pressão não 
separaram de fases, mantendo-se estáveis durante o período de armazenamento. A 
distribuição do tamanho das gotas das emulsões foi dependente do pH e menor tamanho 
médio de gota foi obtido em pH ácido para todos os valores de densidade de energia aplicada 
durante o processo de emulsificação. Um modelo dinâmico de digestão composto pelas etapas 
referentes ao estômago, duodeno, jejuno e íleo foi utilizado para avaliar a resposta in vitro de 
digestão da emulsão estabilizada por fibrilas de proteínas do soro em pH 3, condição em que 
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menor tamanho médio de gota foi obtido. A emulsão permaneceu estável no estômago, porém 
desestabilizou no intestino delgado. De maneira similar, a estabilidade físico-química da 
dispersão de fibrilas apresentou alta resistência à digestão por pepsina (no estômago) porém 
digeriu mais facilmente na presença de pancreatina (no intestino). Este fato confirma o 
impacto significativo das características da interface sobre a digestão da emulsão (Hur et al., 
2009, Mun et al., 2007). Embora um elevado teor de ácidos graxos livres tenha sido liberado, 
o uso de fibrilas de proteínas do soro como emulsificante resultou em absorção relativamente 
reduzida de calorias no intestino delgado. Atualmente, existe grande interesse em reduzir o 
consumo excessivo de produtos ricos em gordura devido ao aumento da incidência de casos 
de obesidade e doenças relacionadas como diabetes (McClements, 2005, Chung et al., 2016). 
Assim, a emulsão estabilizada por fibrilas de proteínas do soro apresenta um grande potencial 
de aplicação com o objetivo de reduzir a absorção de calorias no trato gastrointestinal apesar 
de apresentar em sua composição uma elevada concentração de óleo. Neste caso, a redução da 
absorção de calorias no trato gastrointestinal surge como alternativa à redução do teor de 
gordura. Isto porque, a tentativa de desenvolver produtos alimentícios com teor reduzido de 
gordura com propriedades físico-químicas e sensoriais aceitáveis é muitas vezes um desafio 
devido aos múltiplos papéis que gotas de óleo desempenham na determinação da qualidade 
global destes produtos (por exemplo, propriedades óticas, textura, perfil de sabor e saciedade) 
(McClements, 2005, Chung et al., 2016). Por fim, estes resultados contribuem para uma 
melhor compreensão de como uma emulsão O/A estabilizada por fibrilas de proteínas de soro 
de leite como um emulsificante primário se comporta dentro do trato gastrointestinal e tal 
conhecimento é fundamental para determinar a aplicação final deste sistema em produtos 
alimentícios. 
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7 CONCLUSÃO GERAL  
 Com base nos estudos realizados no decorrer deste projeto foi possível concluir que: 
x Somente na ausência de lecitina ou em concentrações abaixo da sua concentração 
micelar crítica, longas fibrilas não agregadas foram formadas.  
x A taxa de formação de fibrilas e a conformação da estrutura secundária da proteína 
durante o tratamento térmico não foi afetada significativamente pela presença de lecitina de 
soja, porém um leve efeito inibitório foi observado na presença do surfactante.  
x A estabilidade das fibrilas frente a alterações de pH apresentou melhora quando 
produzidas na presença de lecitina de soja.  
x A redução da razão proteína-lecitina, o aumento do pH e a modificação da composição 
de fosfolipídios favoreceram a formação de fibrilas amilóides.  
x Em geral, a presença de lecitina aumentou a produção de nanofibrilas de proteínas do 
soro do leite e diminuiu a susceptibilidade da proteína a alterações de pH, ampliando seu 
potencial para aplicação como um ingrediente em produtos alimentícios. 
x Quando as fibrilas foram submetidas a forças mecânicas, o aumento da densidade de 
energia envolvida no processo alterou a morfologia das fibrilas, afetando diretamente os 
resultados de reologia e hidrofobicidade superficial. 
x O aumento do pH da dispersão de fibrilas resultou em menores valores de potencial 
zeta, hidrofobicidade superficial e tensão interfacial e maior viscosidade. 
x Emulsões estabilizadas pela proteína nativa produzidas em rotor-estator foram menos 
estáveis, apresentando separação de fases e aumento do tamanho das gotas durante o 
armazenamento.  
x Emulsões estabilizadas por fibrilas em pH 2 produzidas em rotor-estator separaram de 
fases rapidamente apesar dos maiores valores de potencial zeta e hidrofobicidade superficial, 
sugerindo um processo de desestabilização devido à floculação por ponte. Porém, não foi 
observado o aumento do tamanho de gotas ao longo do período de armazenamento.  
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x Emulsões estabilizadas por fibrilas em pH 7 produzidas em rotor-estator apresentaram 
elevada estabilidade cinética, o que foi atribuído ao comportamento tixotrópico e aos menores 
valores de tensão interfacial. Fibrilas em pH 7 submetidas a processos mecânicos mais fortes 
resultaram em emulsão menos estável quando comparada às demais emulsões contendo 
fibrilas em condição similar de pH.  
x Embora o pH ácido tenha resultado em fibrilas com maior hidrofobicidade superficial, 
a melhoria da estabilidade da emulsão utilizando um processo de emulsificação moderado foi 
alcançada apenas em pH neutro, condição que favoreceu a agregação das fibrilas. 
x Emulsões estabilizadas por fibrilas de proteínas do soro homogeneizadas a alta pressão 
não separaram de fases, mantendo-se estáveis durante o período de armazenamento.  
x Menor tamanho médio de gota foi obtido em pH ácido independente da densidade de 
energia aplicada durante o processo de emulsificação.  
x A emulsão estabilizada por fibrilas e produzida em homogeneizador de alta pressão 
permaneceu estável em condições simuladas do estômago, porém desestabilizou em 
condições simuladas do intestino delgado.  
x A estabilidade físico-química da dispersão de fibrilas apresentou alta resistência à 
digestão por pepsina (em condições simuladas do estômago) porém digeriu mais facilmente 
na presença de pancreatina (condições simuladas do intestino), confirmando o impacto 
significativo das características da interface sobre a digestão da emulsão.  
x Embora um elevado teor de ácidos graxos livres tenha sido liberado, o uso de fibrilas 
de proteínas do soro como emulsificante resultou em absorção relativamente reduzida de 
calorias no intestino delgado. Estes resultados contribuem para uma melhor compreensão de 
como uma emulsão O/A estabilizada por fibrilas de proteína do soro do leite como um 
emulsificante se comporta dentro do trato gastrointestinal e esse conhecimento é fundamental 
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Anexo I. Dynamic in vitro digestion model consisted of four compartments simulating the 















Water at 37 ºC 
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